

The first half of the twentieth century wa9 marked by a stupen¬ 
dous expansion of our knowledge in the field of Physics. First, 
the appearance of the Theory of Relativity taught us that there exist 
between the concepts of space and time relations up to then unsus¬ 
pected and compelled us to modify, to a not inconsiderable extent, 
the hitherto admitted laws of mechanics and electromagnetism. The 
discoveries in the atomic and corpuscular scale that followed intro¬ 
duced us into a new world which till then had been totally unknown 
to U3. We then realised that the Physical world, such as it appears 
to our blunt, unsuspecting senses, conceals a far more subtle reality, 
in which elementary particles are active, subject to the strange laws 
of the quantum of action. idius it was we came to know those elec¬ 
trically charged particles, whifch we call electrons, protons, atomic 
nuclei and those units of radiant energy, which we call photons. More 
recently the discovery of neutrons, positrons and mesons has made 
new additions to the list of these elementary particles of Nature. 


The novel Theory of Quanta that resulted from the researches 
of Max Planck on black body radiation enabled us, thanks to Neils 
Bohr, to build up a rational scheme of the atom. Next followed 
Wave Mechanics, which was but an improved and modified form of 
the quantum theory. This gave acceptance to the general idea of a 
v duality between waves and corpuscles, predicted the beautiful pheno¬ 
menon of the diffraction of electrons and refined still more the theory 
of the atom and of the molecule. By introducing even into the. 
study of elementary phenomena the notion of probability and the 
iliogether new idea of Indeterminacy, this puzzling theory has shake? 
i Iso me of the most inveterate habits of thought of scientists. 

Atomic Physics next tackled the difficult study of the nucleus 
of the atom. At the very beginning of this century, the phenomenon 
of Natural Radioactivity gave proof of how complex was the struc¬ 
ture of the nucleus. Physicists soon found the means to disrupt 
atomic nuclei and to determine both the elements of which they are 
made up and the phenomena which accompany their transformations. 
_he study of Cosmic Rays and of their effects in our atmosphere has 
also brought us important complementary information on these 
points. To-day, in spite of the still existing uncertainties regarding 
the correct interpreltion oi intranuclear phenomena. Nuclear Physics 
is continually making new progress and wo are all aware of the 
resounding successes it has recently achieved. 

, ® u t n °t onl y * n the realm of theoretical knowledge that 
ne discoveries of Atomic Physics have been the instrument of mar- 
venous progress ; they have been equally beneficial in their applic'* 
ions. The thermionic valve, the photoelectric cell, the thousand 
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one varied appliances which utilise the properties of electrons have 
been of immense utility in the various fields of electro- and radio- 
techniques. The diffraction of electrons and the electron microscope 
are being daily used by metallurgists and microbiologists. As for 
the utilisation of nuclear energy, it is certainly destined to usher in 
a new era in the history of civilisation. 

One may gather from this short sketch how important and use¬ 
ful it is.to-dav to present to those who desire to be initiated into the 
contemporary achievements of Physics a book in which one can find 
a complete and sure guide to this fascinating buj£ difficult study. This 
is precisely what has been done here by Or, R&jam, who, thanks to 
his recent valuable research work both in Paris and in Louvain, is 
very well qualified to set forth the present state of Atomic Physics. 

The style of the book is very clear and easy to read, without, 
at the same "time, sacrificing in any way proper and thorough treat¬ 
ment of the intricate problems involved. The plan adopted by the 
author is original and well-conceived. In the first part of the book, 
he has put together, in their successive order the various experiment¬ 
al discoveries which laid the foundation of Modern Physics ; they are 
deicribed with great care and accuracy. Side by side with the ex¬ 
periments which made it possible to effect these discoveries and theo¬ 
retical explanations by which the experiments were interpreted, we 
are given the description of the main applications of these discoveries 
to show their fruitfulness in practical life. The second part entitled 
the Fundamental Concepts of Atomic Physics gives a sober and 
accurate exposition of the two great theories which have come to light 
in that domain in the last fifty years and which have modified so 
many of our old ways of thinking, namely, the Theory of Relativity 
and the Quantum Theory in its present form of Wave Mechanics. In 
| the third part which deals with the Phv sics of the Atom proper, wo 
A are first given a comprehensive view of the development of theories 
referring to the peripheral electronic structure of the atom and of 
considerably large number of facts which these theories have been 
able to coordinate. Then the study of the nucleus of the atom is 
undertaken, chiefly from the experimental point of view, dealing with 
the wonderful phenomena of transmutation of elements, natural and 
artificial, and of cosmic rays. Finally the structure and properties 
of the nucleus are discussed in the light of the experimental results. 


The author must be congratulated on having succeeded in 
putting together within a relatively small number of pages so many 
facts and ideas in a manner at once precise and easy to follow. 
There is no doubt that this book will be of great use to students 
and to all those who wish to get some insight into the profound and 
sublime mysteries of Atomic Physics and to know what services it 
■*an render to mankind. 



January , 1950. 


LOUIS DE BROGLIE 


PREFACE TO THE SEVENTH EDITION 


The fact that the book has gone through seven editions since- 
its first publication in 1950 is proof enough of its usefulness and 
popularity. 

In the third edition (1955) the book was considerably 
enlarged and toned up to meet the requirements of a large number 
of its users, viz., the M.Sc. students of several of the Universities in 
India. The more important among the new topics included were the 
following: — Magnetic properties of materials, microwave spectroscopy, 
quantum statistics. Stark effect, forbidden lines in atomic spectra, 
wave mechanical treatment of the hydrogen and helium atoms, 
molecular structure and spedtra, isotopic effect in spectra, solid state 
spectroscopy, scintillation and crystal counters, diffusion and bubble 
chambers, cavity and guided wave linear oscillators, radio-frequency 
and microwave methods of determining nuclear spin and electric and 
magnetic moments and pseudoscalar meson field theory of nuclear 
forces. 

In the fifth edition (I960), a brief statement of a new revolu¬ 
tionary solution of the popularly known “tau-theta puzzle” proposed 
by two Chinese physicists, which, by rejecting the law of parity, 
one of the cornerstones of nuclear physics, as a basic law of Nature, 
had seriously called into question the prevalent theories of nuclear 
forces, was added. Short accounts of the transistor, positronium, 
anti-proton and anti-neutron as well as a simple theory of the 
structure of the deuteron were also given. 

In the present edition, as there have been no further real 
fundamental advances in the matter prescribed by the scope of the 
book during the past five years, the book remains practically un¬ 
changed, slight alterations and additions being in matters of detail 
and expansion. One such addition of some importance is the 
Hoyle-Narlikar new theory of gravitation, announced quite re¬ 
cently (June 1964). A brief statement of this pretty complicated 
theory is included a3 an appendix at the end of the book. 

My sincere thanks are again due to Messrs. S, Chand & Co., 
who have undertaken the difficult task of ptiblishing the book in a 
neat and elegant form, under the able and careful direction of their 
Production Manager, Mr. P.N. Kapur. 

December 1965 


J. B. RAJAM 


PREFACE TO THE FIRST EDITION 


This book has been written as a guide in the study of the very 
important but somewhat difficult branch of Physics, ordinarily know n 
as Modern or Atomic Physics. Henoe it attempts to give, in a clear 
and easy manner, a fairly comprehensive account of the salient 
features of the wonderful recent advances, insisting chiefly on the 
great value and interest attached to the understanding of physical 
phenomena in the atomic scale. No pretension is made to cover the 
whole of the vast and ever-widening field of this new branch of 
physical science. On the other hand, the aim is not to produce a 
mere ‘text book’ and thereby hinder personal work. But every effort 
is made to bring all the topics dealt with up to date. Care is taken 
also to impress upon the reader, at the different stages, the new and 
revolutionary trend of thought resulting from modern discoveries as 
regards the very fundamental concepts, chiefly the dual aspect in 
which natural phenomena in the atomic scale manifest themselves, 
viz., particle and wave. It is this point of view, so novel and so 
different from the time-honoured classical ideas, that makes the 
study of MoQcrn Physics very captivating. 

The experience gained by the author in teaching the subject to 
B.Sc. (Hons.) and Post Graduate students for over ten years has been 
used in the compilation of the book. The topics dealt with embrace, 
in a succinct manner, many important original researches described 
in several special publications. In order to make the reading of the 
book easy and pleasant, copious illustrations, which include also 
photos of eminent scientists, are introduced in their appropriate 
places. 

The author wishes to express his deepest sense of gratitude to 
Prof. Louis de Broglie, of the Sarbonne University', Paris, member of 
the Academy of Sciences, Institute of France and Nobel Laureate, for 
having readily consented to write the ‘Foreword’ to the book. 

The author’s w armest thanks are due to several members of the 
stall of the Physics Department, St. Joseph’s College, Trichinopoly, 
for the many useful suggestions and constant help in preparing the 
MSS for the press. Mr.. P. Prabakaran, M.A., deserves particular 
mention in this connection, for, the idea of the book really originated 
from him and lie lias very closely collaborated in its accomplishment. 


January , I960, 


J. B. RA JAM • 
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General Introduction 


The ingenious researches and wonderful discoveries, made in 
Physical Science since the beginning of this century, have rendered 
so many practical services in every walk of life that no one can call 
in question their importance. When, for instance, one considers 
instruments of such marvellous design and construction as the 
photoelectric cell, the cathode ray oscillograph, the electron micro¬ 
scope, etc., or sources of power far superior to coal, petrol and 
electricity as convincingly demonstrated in the atom bomb, or even 
the astounding fact of the final realisation of the alchemists’ age-long 
dream of converting base elements into nobler ones, which is now 
established beyond doubt in the actual transmutation of elements, 
one greatly marvels at the epoch-making achievements of modern 
science and eagerly wants to know something more about them. The 
student of science, however, does not rest satisfied with a superficial 
knowledge of these marvellous modern scientific appliances ; but 
realising that recent advances in Physical Science are essentially 
concerned with more fundamental problems of natural philosophy, 
proceeds further and wants to understand to the best of his capa¬ 
city the mysteries of Nature, especially the double aspect in which 
Nature manifests himself, viz.> matter and radiation . 


Nineteenth century Physics, with the data then available, 
considered matter and radiation as entirely distinct entities, the 
former as purely corpuscular , i.e., particles endowed with mass and 
inertia, and the latter as purely pulsatory , i.e,, periodic disturbances 
in material particles, and recognised in consequence two essentially 
distinct fundamental laws of conservation of mass and of energy, on 
which the superstructure of physical developments was built. Con¬ 
temporary Physics has, however, realised that this exclusive separa¬ 
tion of matter and radiation does not correspond to reality. Matter 
is found to bo endowed with a wave aspect also, and radiation in 
its turn possesses corpuscular properties as well. It is this revolu¬ 
tionary cancept of the intimate relationship of the two manifesta¬ 
tions of Nature that constitutes the hall-mark of prnent-day Physics. 
The fundamental laws and basic ideas preciously guarded and 
triumphantly held by Physicists for a long time have, accordingly, 
had to be revised so completely that twentieth century Physics* has 
come to be treated under the separate title of Modern Physics''ns 
distinguished from the older Classical Physics. 

In the ordinary macroscopic or bulk state ofatter the deli- 
cate intrinsic relationship of the dual aspect of f jV*H pal phenomena 
is lost in the roughness and inaccuracy of observe *on. But in the 
microscopic or atomic state it is strikingly disce. \ible. Hence in the 
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evolution of modern physical thought the starting point has neces¬ 
sarily to be the ultimate, minute constituent of matter, the atom. 
This is the reason why modern researches in Physics are concentrat¬ 
ed on the atom, in an attempt to analyse its intrinsic nature. From 
this point of view Modern Physics is rightly called Atomic Physics. 

According to the modern conception, the atom, the ultimate 
representative of a chemical element, consists of a central nucleus 
composed of two kinds of elementary particles, the one positively 
charged called protons and the other electrically neutral called 
neutrons , the masses of the two being nearly the same. The nucleus 
is surrounded by extremely light and negatively charged particles 
known as electrons, which move in specified orbits. In the lightest 
atom, viz., that of hydrogen, there is only one such electron, but the 
number increases in a discrete manner as one passes on to heavier 


atoms, reaching a maximum of 92 electrons in the heaviest uranium 
atom. Since the atom as a whole is electrically neutral in its normal 
state and the charge carried by a proton is numerically equal to 
that of an electron, the total positive charge must be equal to the 
total negative charge and the number of protons in the nucleus 
must be equal to the number of extra-nuclear electrons^ the other 
component of the nucleus, viz., the neutrons being electrically 
neutral. On account of the extremely small mass of the electron the 
total mass of the atom must be practically concentrated in the 
nucleus and equal to the sum of the masses of the protons and 
neutrons found there. But the ordinary chemical and physical pro¬ 
perties are to be attributed to the peripheral electrons. When the 
atom is deprived of one of its electrons it is said t<» be ionised singly 
and it will now have one excess positive charge. When two electrons 
are removed the atom is doubly ionised with two excess positive 
charges and so on. When all tho electrons are removed the bare 
nucleus will be left behind with positive charges alone. When the 
atom is thus forced to lose its attendant electrons, it will be no 


more in a normal state, and hence it will try to return to its original 
condition by capturing Its proper quota of electrons from the sur¬ 
rounding substances. The atom, deprived of all its electrons and 
coming to tho ‘bare nucleus* state, still retains its intrinsic nature 
and essential individuality. But 'when the nucleus itself is tampered 
with and its constituent particles arc altered in kind or manner, tho 
original atom ceases to exiso giving birth to a new one. This pheno¬ 
menon is known as tram Mutation or d is intey ration of elements The 
aim in Atomic Physics is to narrate how these different characteris¬ 
tic properties and activities of the atom came to be accepted. 


In order to be able to follow with interest and ease the capti¬ 
vating but somewhat complex history of the atom, the narration is 
arranged in three parts. The first part deals with the beginnings of 
atomic physics, tho second with the fundamental law's governing the 
atomic state and the third w r ith the constitution and activity of the 
atom. 


Most of the 


ii 


odern developments in 


atomic physics had their 
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origin in two phenomena, viz,, discharge of electricity through gases 
and natural radioactivity. Careful investigations of the former led 
to the discovery of the electron, positive rays and X-rays, and of the 
latter to that of the (3-particles, a-particles and y-rays. AH these 
constitute the fundamental building materials that enter into the 
life-history of the atom in one way or the other. In this first part 
we shall therefore deal with these two important phenomena. 


CHAPTER I 

Discharge of Electricity through Gases 

The passage of electricity through gases gives rise to different 
types of very complicated and interesting results dependent chiefly 
on two factors : the pressure of the gas and the strength of the 
electric field. Hence it is necessary to study the phenomenon under 
two heads, viz (1) normal pressure, and (2) low pressures. 

PASSAGE OF ELECTRICITY THROUGH GASES UNDER 

NORMAL PRESSURE 

At ordinary pressures most gases are found to be good insula¬ 
tors, u., they conduct practically no electricity at all. Normal air is, 
in lact, almost a perfect insulator, but for which the study of electri¬ 
cal phenomena would not have advanced very much. * All eases 
however, become conductors allowing the passage of electricity under 
certain conditions. Thus, for instance, the combustion gases drawn 
from flames are found to be conducting. Many agencies such as 
ultraviolet light, X-rays, electric sparks, radioactive substances, etc., 
also render gases comparatively good conductors. The conductivity 

la^iiidefinitely ime th ® GXciting agent is removed hut does not 

i location. The cause of this induced conductivity in gases 

ons It" 0 "”? be duC t0 the P resence of char g e( l particles called 
ions. Under ordinary circumstances gases contain very few free ions 

aa ,, enc j f are exce Hent non-conductors;but when they are subjected 

from the neutral atom or molecule of the gas. The residue of the 
practically of the whole ma2T«S^5SSl ^ and 

As the two kinds of ions are formed from 1 el ? 

atom or molecule, the charge on the negative ion mi ^ n0 utral 

cally equal to that on the posits ion UnlT b ,° ™Tl 1 ' 
electric field the positive ions lill he ^ attl0n of the 

terminal and the negative ions towards the positive termiLr^ 1 ^ 

asthe ionisation current. Since the two kinds of ionl h ls known 

the same mass, their mobilities and diffusion LffiofenlT are ''S**! 3 ' 
same order of magnitude at ordinary pressures . f t , he 
pressure is reduced the negative ion throws off it„ A B , ut a3 the 
or molecule and the resultant negatively char^ed i;^ 611 ^^ atom 
hare electron, travels free and ^ ttSa the 
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The process of conductivity in gases is, in some respects, 
strikingly analogous to electrolytic conductivity of a solution, which 
according to the theory of Arrhenius is due to the presence of the two 
kinds of ions, positive and negative, produced by the dissociation of 
the electrolyte in solution. 

The rate of production of ions depends upon the nature of the 
ionising agent, but the number of ions in existence does not increase 
indefinitely with time as some of the positive and negative ions are 
constantly recombining, the rate of recombination being proportional 
to the square of the number present. Hence also it is that the con* 
declivity persists for a time, but does not last indefinitely after the 
removal of the ionising agent. 


Townsend has shown that even with the strong ionisation pro¬ 
duced by radium only one molecule out of a 100 million is ionised 
per second. In most cases of ionisation only one electron is ejected 
from an atom, but positive ray analysis by Thomson and others 

* 1 * | 1 ^ J %r 

indicates that the slow-moving positive ions may detach several 

electrons from certain atoms^ the ionisation of the mercury atom 

in this way may consist in the ejection of eight electrons from the 
atom. 


Several interesting points in the ionisation of gases have been 
investigated. We shall here limit ourselves to two of them, viz.. (i) 
measurement of ionisation current and its variation with applied 
voltage, and (2) the mobility of ions and its dependence on the ionic 
mass, pressure, temperature, etc., which will throw some light on 
the different characteristics of the phenomenon. 

1. IONISATION CURRENT 

Measurement of ionisation current. The ionisation current 

is, in general, too weak to be measured by a galvanometer, A 

qua rant electrometer or a gold leaf electroscope must be used 
instead. 1 



3?? i° n i se d is situated between two parallel metallic 
p a es an B (Fig. I). B is connected to a battery of many cells 
nd by means of an unearthed wire 

making contact with the plates of the 
cells, the voltage on B can bo varied 
within wide limits. The other plate 
A is connected to one pair of quad¬ 
rants of an electrometer Q, the other 
pair being earthed. Under ordinary 
conditions the plate A and both sets 
of quadrants will be at zero potential, 
and there will be no deflection of the 
electrometer needle, If now an ionis- 
mg agent such as X-rays or radium is 
made to act upon the gas between A 
and B the gas will be ionised, the 

ions will travel towards their respec¬ 
tive nlfllao __* . 1 - 


B 


r 








Fig. I. Measurement of 
ionisation current. 


live plates, the negative ions towards B and the positive towards A 
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and there w ill be an ionisation current. The electrometer needle 
will, in consequence, be deflected and the deflection will increase 
gradually owing to the gradually increasing potential of A caused by 
the ionisation current. By noting the deflection for a given time the 
rate of increase of deflection can be found. The rate of increase of 
deflection is proportional to the rate of change of potential of the 
quadrants of the electrometer and consequently that of A. The 
ionisation current I can be calculated from the rate of change of 
potential of A as follows : 


Let C be the'capacity of the plate A and of the electrometer 
and y be the change of potential in a given time t . The quantity of 
electricity Q received by A in time t is given by Q — CV. Hence the 
average ionisation current I during the time t is given by I — Q/t = 
Q\ T ft. If Q be the observed change in deflection of the electrometer 
needle during the time t, then Y — where K is a constant of the 
electrometer to be estimated by independent experiments. 

*\ I = K.C. (Oft) 

Thus the ionisation current for any given P.D. between the plates A 
and B can be measured. 

Vsn^tioii of lonisstion current with Applied voltAge# In 

the case of current through a metallic conductor we know that Ohm’s 
law holds good, according to which the current strength is directly 
proportional to the P.D. and inversely proportional to the resis¬ 
tance . I == E/R. Let us now see whether the ionisation current 
also obeys this law. For this purpose the ionisation currents corres- 
ponding to different values of P.D. between the plates A and B are 
measured by the method described above, and a curve is drawn by 
plotting ionisation current vs. applied voltage, as shown in Fig 2 

The shape of the curve indicates that in the case of ionisation 
current Ohm s law is not obeyed, since according to it we should 

have obtained' a straight 
line curve. Starting from 
low voltages the current is 
at first proportional to the 
P.D. almost in accordance 
with Ohm’s law (portion 
OP of curve). But soon, as 
the voltage increases, the 
rate of increase of current 
with potential diminishes 
and gradually tends to zero 
(portion PQ). Then for a 
long range of P.D. the cur- 



Fig. 2. Variation of ionisation current rant remains practically 

with voltage. constant (portion QR). In 

known as the saturation current. When the 8 l a ppHcd t voltage rr r"a\hM 
a very high value of about 30,000 volts per? m . anS stage ^ 

reached : the current somewhat suddenly begins to increase again 
with great rapidity (portion RS). ® 
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These various stages are readily explained on the supposition 
that the ionisation current results from the fact that the ions pro¬ 
duced by the ionising agent iu the gas are drawn towards the two 
plates between which an electric field is maintained. 


The number of ions produced is proportional to the volume of 
the gas and the strength of the ionising agency. Let the strength of 
this agency be such that the number of ions of each kind produced 
per second in unit volume of gas is q. If a is the area o> each plate 
and l the distance between them the total number of ions oi each 
kind produced per second in the space between the plates is qal. 

When the applied P.D. is small, only a few of the qal ions are 
able to reach the plates before recombination sets in and the current 
value is small. Increasing the P.D. will increase the number of ions 
arriving at each plate per second, and as long as there is an abun¬ 
dance of such ions Ohm’s law will he obeyed. This explains the 
initial straight portion OP of the curve. 

When a certain value of P.D. is reached the number of ions of 

the total qal left unattracted to each of the plates becomes smaller 

and an increase of P.D. is not accompanied by a corresponding 

increase in the supply of ions to be attracted since the P.D. is not the 

ionising agency. Hence the rate of increase of the current with 

potential becomes less and less, finally reaching zero value. The part 

PQ of the curve represents this stage where Ohm’s law is no longer 
obeyed. 


It is further evident that no more ions can arrive at the plates 
per second than are produced by the ionising agent in the same time. 

s the potential is increased beyond the point Q a stage is reached 
w en the rate of arrival of ions at the plates becomes equal to the rate 
o their production, so that the ionisation current reaches a steady 
^_IJ ra ^ 10n value, which persists over a wide range of increase of 
• > represented by the part QR. The saturation value I s of the 

lonisa ion current is readily given by l s = qale , where e is the charge 
on eac ion, since the quantity of charge delivered by all the qal ions 

value 6 1* a ^ eS one sec °nd is qale which is equal to the saturation 


l saturation stage shows that the current cannot exceed the 

Kxr ft w . . .corresponds to the number of ions produced in unit time 

a g eil t. This can be demonstrated as follows. Keeping 
nl a * . * . ^ tw een the plates constant, if the distance between the 
to t^ 3 f S 1 * lc f eas ® < * curre ut value increases. This is evidently due 
vo1niw« aC r at ^ increasing the distance between the plates, the 
in * °* ^ aS ex P ose d to the ionising agency is increased, which, 

in tKp 0, ^creases the rate of production of ions. With this increase 
brin production the current value increases. This fact also 

rentf *1 e ^ 8 ^^ nc ^ on between ionisation and conduction cur- 
with * 1 e . e sa furation value of the ionisation current increases 

maintfl.i«^ Cr tu 8e ln Stance between the points where the P.D. is 

, the conduction current, t.e., current through metallic 
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conductors and electrolytes will diminish as the distance between the 
points where the P.D. is maintained increases, according to Ohm ? s 
la Wj The reason for this difference lies in the fact that 5 in motaUic 
conductors and electrolytes, the saturation stage is never reached 
since being good conductors they contain a great number of carriers 
ol electricity, while in gases, which are by themselves bad conductors, 
only a limited number of such carriers are available depending on the 
nature, of the ionising agent. If the number of carriers of electricity 
in metallic conductors were not very great, the phenomenon of satu- 
ration would occur in them also as it does in gases and Ohm’s law 
would fail for very large current densities. Thus the ionisation cur¬ 
rent, unlike the conduction current, does not obey Ohm’s law except 
m a very limited initial stage of small P.D., but follows another law, 
«iz t e intensity of saturation current depends upon the total 
number of ions between the plates, which, in turn, depends both on 
the activity of the ionising agent and on the volume of the gas 
exposed to that activity. Since tho saturation current is directly 

proportional to the ionising power of the agent, it can servo as a 

measure oi the activity of the agent. 

Ionisation by collision. When the applied P.D. is raised to 
some high value greater than that corresponding to the point R in 

the velocities acquired by the moving ions may become 
sufficiently great to enable them to produce fresh ions by collidine 
with neutral molecules and atoms of the gas. This process is known 
as ionisation by collision, where the rate of production of ions far 
exceeds that due to the external ionising agency. Hence the current 
at this stage increases rapidly, as represented by the portion RS of 
th< r, c “ rve ’ until an unstable stage sets in, leading to a break-down 
yuth the passage of a luminous explosive spark ® tracing a zig-zag 
path, calledthe disruptive spark discharge. Ionisation by collisio? 
wil evidently become more effective at lower pressures since under 
such conditions the ions have time to acquire considerable e j 
before colliding with molecules. It also depends on the gas uS 

since the energy required to ionise a molecule depends on the na / 
oi tii6 gas. 

Experimental investigation of ionisation bv collision 

Townsend was the first to make a detailed study of the phenomena 

connected with ionisation bv 
' 1h - o c °Hision. The apparatus 

K ?\ V, him - . in 

& (a), consists of a gas 
chamber G, which can be 
maintained at any desired 
low pressure. Inside the 
chamber two plates A and 
f a , re arranged parallel to 
ac other, the distance 
between which can be 
altered, without disturbing 
the vacuum, by means of a 


G 


I 


d 





r 

1 i 


Fig. 3. 
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special mechanical device, A is a thin plate of quartz, silver-coated, 
with transparent scratches, to allow radiation to pass through, while 
B is a zinc plate. A strong and uniform field of several hundred 
volts per cm. is maintained between the plates, A being positive, 
and B negative. To ionise the gas in the chamber, ultra-violet light 
L is used, which passing through a window W in the chamber 
traverses the. transparent scratches in A, strikes B and produces 
electrons by photoelectric effect. This way of producing electrons 
as well as arranging the plates in parallel are required to obtain 
ionisation in a plane, conducive to accurate measurements. The 
photoelectrons produced at the surface B are repelled by it, since it 
is maintained at a negative potential, move towards A, soon getting 
attached to neutral molecules and thereby forming negative ions. 
The current passing from A to B is measured with a sensitive electro¬ 
meter for different values of the field strength. 

Let the distance between A and B be d cms. Let n be the 
number of negative ions produced by the ultra-violet light at the 
surface of B per sec. By the process of collision, let each one of these 
negative ions produce a new ions per cm. of path, and similarly each 
positive ion b new ions per cm. by collision. 

Considering a layer R at a distance r from B (Fig. 36) and of 
thickness dr, if p be the total number of ion pairs produced per sec. 
between B and R and q the number of pairs produced per sec. bet¬ 
ween R and A, the number of negative ions crossing the layer per sec. 
w ill be (n-\-p), while the number of positive ions passing through the 
lay r in the opposite direction per sec. will be only q. Hence the 
number of ion pairs created per sec. in dr by collision is : 

dp ~ {n + p)adr + qbdr ... ... (1) 

If m is the total number of negative ions reaching A per sec.,. 

m. — n 4* p + q 

0r q = m — n — p ... ... (2) 

. Substituting this value of q in (1), 

dp ~ {n p)adr -j- {rn — n — p)bdr 
dp 

^ = (n + p) (a — b) + mb 


01 


Or 


dp 


(n + P) + 


Integrating (3), 


mb ) 

~^~b) 


mb “1 


“x = (a — b)dr .. 


... (3) 


Or 


l°g[ (n + j>) +- 

L a — b 


= 5 = (a — b)r constant (C) 




mb 
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To get the constant C, since p = 0 an r = 0 

mb 


Or 


n = C 


C = n ~\- 


(« — b ) 
rnb 


Also since m, 


m 


(a — b) 

= n + p at r 

( r \ 

= {n + 


d> 


■-— jeC°-&)rf 

a ~ 6 / 

which can be reduced to the form : 

{a — b) . 




a ~ b ’ 


rn — n 


a — b.e( a ~ b )d 


* * 


(4) 


(4) and .howerf H ot . P rctt 3’ well the above relation 

ihe Phenomenon nf Was , muc i g re f, ter b, which means that 
the phenomenon of ionisation by collision is caused chiefly by the 

~ kto ‘ "■» — 

that each positive ion produc^sTy coUMtmonty ^ wn-^ir^ls ^not 
qmte correct since it has been found that the positive ioiT generates 
a number of new electrons at the cathode B by imiact Takinv 
this fact into account the relation assumes the form : ® 

_ „ (° ~ b') e°* 


m 


a — b\ e a d 


* * * 


(5) 


between™ miroflt!?’ * ? seei K that the number of ions passing 
current”too and he " Ce th « 

discharge takes place at a ^rtain value of the dSaLTwee??S 

value"’fo? 0 he^sparling^dttance fhe^ct^l^^ ^^ C ° rreCt 

sss is ■”“» -P.««^“ d T y t: zz 

50,00«“ Z P D - “ » s h » » 

even in the absence of an external in ^ C - ar ^° ^ a kes place in the gas, 
observed that the p. B IS T™? a ? ency ‘ Lt is co ^^nly 
conditions, known as the sparkinn & un( ler given 

P.D. required to maintain the iS mUCh ^ reater than the 

the distance between the ^ ° nC ? started ‘ Likewise 

started, known as the <$£iZtt T'sfrikiZ ,T Spark t ^ 

than when maintaining the discharge distance is shorter 

discharge is started the apto because when once the 

to pass than at the beffinnina ni Q^ anc ^ it is easier for the spark 

by collision requires a certein lnfonn^r.- th % P roce8s of ionisation 

fpark DU there r \* "bt** ** the 

.p„ki„g potential and th. aitnll LX, rf tK^lL 0 ." U to 
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applied P. D. is only slightly greater than the sparking potential, 
the time-lag may be several minutes. This lag may be considerably 
diminished by illumining the spark with ultra-violet light and there¬ 
by generating photoelectric ions. 

Properties of the spark discharge. In the experimental 

study of the properties of the spark discharge, several precautions 

must-be taken. Time-lag effects must be eliminated ; smooth plane 

parallel electrodes must be used to avoid concentration of electricity 

near a point. Experimental data prove that the sparking potential 
depends on :— 

(a) the nature of the gas, 

(b) the pressure of the gas, 

and (c) the distance between the electrodes. 

Sparking potential and pressure of gas. With electrodes 

separated by a given distance in a given gas, as the pressure p of the 
gas is gradually diminished 

the sparking potential V V 

first decreases up to a 
certain minimum value and 
1 hen increases rapidly as \ 
shown in Fig. 4. Hence \ 
there exists an optimum \ 

pressure, known as the \ 


variation of Sparking potential and pressure, 

al with pressure may be explained as follows. As 
uced, the mean free path of the ions increases, and 
lsity needed to give an ion the energy to produce 
is ion is reduced. Hence the potential required to 
J rst decreases up to a certain minimum value. But 
18 very great, the number of collisions per cm. 
n er of ions produced will be very small, so that it 
o start a spark even with very high voltages as 
steep ascent of the curve for pressures less than the 

potential and distance between electrodes. The 

ir ung potential with the distance between the 
^ spark length, the pressure of the gas being kept 
m graphically in Fig. 5. It is seen that the sparking 
minimum value for a particular spark length, known 
arfc wngth. This critical spark length depends on the 
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\n}i 

V 


pressure of the gas, varying inversely with it* For moderately great 
spark lengths the sparking potential is nearly proportional to the 
spark length, being about 30,000 volts per cm. in air at ordinary 
pressure between spherical electrodes of 1 cm. diameter and less in 
the case of pointed electrodes. For very short spark lengths , the 
sparking potential increases with decrease of spark length. The 

linear variation of sparking 
potential with spark length is 
due to the fact that with 
decrease of distance the P. D, 
required to produce a given 
intensity is also reduced. The 
increase of sparking potential 
with decrease of spark length 
in the case of very short 
distance is explained by the 
fact that the total number of 
fresh ions produced will be 
small if the distance the 
original ions have to travel 
in their movement towards 
the electrodes is small, and in 
consequence, very few colli- 



Fig. 5. Sparking potential and 

spark length. 


j- - 

sions alone occur. If the electrodes are spherical it is found that 
when they are close together, the spark takes place not along the 
shortest path, but along the greater path, equal to the critical spark 
length of minimum voltage. 

. PasclieiPs law. All these results were enunciated by Paschcri 
in the form of a law, which states that the sparking potential under 
anj r condition of pressure or electrode separation is proportional to 
the product of spark length and gas pressure, i.e. y V ©c dxp. 

This law has been verified by Paschen above the critical pres- 
sure and by Carr below the critical pressure ; hence it may be said 
to hold good at all pressures. 

Nature of discharge : Brush, spark and corona dis¬ 
charges. The nature of the discharge depends upon the quantity of 
electricity involved and the shape of the electrodes. Thus a limited 
quantity of electricity and one of the electrodes pointed produce 
brush discharge, which is due to the concentration of electric field in 
the neighbourhood of a pointed electrode. A great quantity of 
electricity and rounded electrodes produce spark discharge If one 
of the electrodes is a fine wire we get what is known as the corona 
discharge beyond a certain voltage. It appears either as a continu- 
ous sheath or luminous beads around the wire, which is of 
importance in connection with the losses from high-tension power 
transmission lines. It is to be noted that the sparking potential 

is independent of the material of the electrodes, provided they are 
clean. ** 
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2. MOBILITY OF IONS 

The study of ionic velocities is of great importance as it fur¬ 
bishes valuable information about the nature and life-history of the 
ons. In practice, a quantity k known as the ionic mobility or mobi¬ 
lity of the ion is measured under varying conditions of medium, 
pressure and temperature. An expression for the ionic mobility may 
be obtained in a simple manner as follows :— 

Gaseous ions formed between two plates maintained at a poten¬ 
tial difference move towards the plates under the influence of the 
electric field. If X is the strength of the field, e the ionic charge 
and M the mass of the ion, the acceleration a acquired by the ion is 
Xe/M. Each ion after moving for a short time t collides with a neu¬ 
tral molecule and comes to rest. The ion starts again, gets accelerat¬ 
ed by the field and once more is brought to rest by collision after t. 
The velocity V acquired by the ion at the end of each mean free 
path is given by V = at = Xetf M. Since the collisions are repeated 
over and over again the ions should be considered to travel, not with 
an acceleration, but with a mean drift velocity v = £V Xet/ 2M. 

(In a rigorous treatment the square root of the mean square velocity 
should be considered.) 

For any given type of ions in a gas at a given pressure, e, M 
and t are constants. Hence the ionic velocity v is given hy v — kX. 
wh< re Jc ( = et/2M) is a constant. This constant is the ionic mobility* 
which is equal to the velocity acquired by the ion in an electric field 
of unit strength (X — 1 volt per cm.). 

Measurement of ionic mobility. Since the time of the first 
measurements of ionic mobilities made bv Rutherford in 1897 

! ^ orker ® ^ ch a s Langevin, Zeleny and Tyndall have esti- 
% * the mobilities of both the positive and negative ions in many 
different ways. We shall here describe only the method of Tyndall 
which is interesting in technique as well as capable of high a ecu- 

nlato ^ r our sirailftr sheeta of metal gauze, P, Q, R, S and a collector 

LMt“r. q “ electr » m ' t <’' E •» «™»g,d„ 

nating potential agreeing _ _ 

in phase is applied bet- *§ Q, ft. S 
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potential the ions that arrive at R will pass through S and reach the 
collector T and the corresponding ionic current will be registered by 
the electrometer E. 


Assu min g that ions of only one mobility are present, if the 
current registered by E is plotted against the frequency of the alter¬ 



nating potential applied at 
PQ and RS, a curve, with 
a number of peaks of dim¬ 
inishing heights, is obtained 
as shown in Fig. 7. The 
successive peaks correspond 
to ions that travel the space 
from Q to R in one, two, 
three, etc, periods of the 
alternating potential. From 
the frequency correspond¬ 
ing to each peak, the time 
taken by the ions to travel 
the distance QR in a known 


electric field is determined 
7. and hence the mobility cal- 

V 

culated. If ions of different 
mobilities are present, each will produce its own characteristic peaks. 
By a careful control of the frequenc}?- of the alternating potential, 
it is possible to obtain results of high accuracy. 


Ageing of the ions — cluster formation. A phenomenon 
which complicates the measurement of ionic mobilities is the forma¬ 
tion of clusters within a very short time after production of the ions. 
The fions, instead of remaining single ionised molecules, soon get 
attached to other molecules and form clusters, chiefly when polar 
molecules of other gases or vapours, such as h 2 0, are present as im¬ 
purity. Investigations have shown that the mobility decreases 
steadily for about two seconds, if small amounts of polar impurity 
are present. Since at ordinary pressure a given molecule can make 
nearer* 10 10 collisions during the two seconds, even a minute quantity 
of polar impurity such as traces of water vapour is sufficient for the 
formation of clusters. Hence great care should be taken to employ 
gases in a pure and dry form and observations should be made upon 
freshly-formed ions, before cluster formation sets in. Under these 
condition each ion in a given gas should have its own specific 
mobility. In the following considerations dealing with the depen¬ 
dence of mobility on the nature of the ions, the ionic mass, the 
pressure and temperature of the gas in which the ions are moving we 
are concerned chiefly with the above-mentioned specific mobility.’ I 


Mobility and nature of the ions. Early approximate obser¬ 
vations indicated that the mobility of the negative ions was generally 
greater than that of the positive ions. But 
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studies on ions, which were short-lived and hence before they form* 
ed clusters, revealed that both the positive and negative ions have 
initially the same mobility, so that any subsequent differences must 
be attributed to differential polar clustering. When the gases used 
were greatly purified and observations made at low pressures, the 
mobilities of both kinds of ions showed an increase, especially that of 
the negative ion, evidently due to its tendency to throw of the 
attendant molecule and become a free electron. 

Mobility and ionic mass. Tyndall and his co-workers have 
made many observations on the mobilities of ions of different ele¬ 
ments in different gases under con¬ 
ditions of no-cluster formation, 
and have been able to come to the 
conclusion that for a given gas the 
mobility falls regularly with ionic 
mass, which proves that the mobility 
is determined only by the ionic mass. 

A graph drawn between the ionic 
mass and mobility has the form ^ 
shown in Fig. 8. Such curves have 
been found useful in getting informa¬ 
tion about certain types of ions. For 
instance, when the ionic mobility is 
measured with hydrogen in a nitrogen 



r J00 

ionic moss 

Fig. 8 


200 


me mm the value obtained falls on the curve at a point correspond¬ 
ing to the mass NH 3 , thereby indicating that the ions are not of 
Hydrogen or nitrogen but of ammonia. 

lls ^ r1 ^ the principles of kinetic theory and making the 
simplifying assumption that the ions can polarise the gas molecules, 
enve a theoretical relation between mass and inobilitv, viz ., 


k = C ( H 


M 


j w h©re M jg tlie mass of an ion moving through a 

+ivf’ ^ 0se molecule is rn and C the constant of propor- 

_. na y. ith the help of this relation the following interesting 
points were tackled * 


c+ii a* °j clusters. The rate of growth of a cluster can be 

• _ le J. / measuring the mobilities at successive short intervals 
_ e ia e y a ^er the birth of an ion. With a polar impurity, such 
•x r vapour, it is found that the cluster grows very rapidly into 

n size of saturation made up of a small number of molecules, 
varying from four to twelve or so. 

formation on mobility. Even large increase 
t - i 8S ^^nster formation can be shown to have onl\ r a rela- 

] y Bma11 Proportionate effect on the mobility. 

pressure. In the relation v — Xef/2M since 
mean time t between the collisions is inversely proportional to 
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the pressure jp of the gas, v = A.X/p, where A is a constant. This 
relation, derived from the postulates of kinetic theory, is true only 
as long as the drift velocity v is small compared with the velocity of 
thermal agitation. When the two become comparable, another 

empirical relation of the form 

• - A d)+ B d / 

is to be used to account for experimental results. The transition 
point from one relation to the other is rather critical and occurs at a 
higher value of X/p, the smaller the ionic mass. 

Early researches, in which the presence of impurity and the 
consequent cluster formation were not taken into a.'count, found the 
simple relation v « X/p to be valid over a wide range of pressure. 

But later investigations with gases in a pure and dry form showed 

that the mobility of the negative ions increased at such a rate that 
for values of X/p greater than about 0-1 the negative ions had shed 
the cluster form and we r e reduced to electrons. 

Mobility and te ; mature. Tyndall, measuring the mobi¬ 
lities over a wide r* V 1 ^'Temperature, found that the mobility first 

rises to a maximum and then falls. The experimental data can be 

. X. 

represented by a relation of the form : k = BT 2 /(C + T) where B 

and C are constants and T the absolute temperature. The maximum 

value is reached at room temperature for the positive ions, and at 

40°C for the negative ions. 

Decay of the ions — recombination. The existence of an 
ion, as such comes to an end when it recombines with an oppositely 
charged ion.’ The mechanism by which recombination of positive 
and negative ions takes place is evidently by collisions resulting from 

gas kinetic movements. It is usual to study this phenomenon by a 
certain quantity known as the coefficient of recombination . 

Considering a gas, which is subjected to a constant ionising 
agent producing q ions of each kind per unit volume per sec., let 
there be n positive ions and n negative ions in unit volume at a 
given instant t. Since the probability of a positive ion colliding 
with any one of the n negative ions is proportional to n and as there 
are n positive ions, the probable number of collisions between the 
positive and negative ions per sec. will he proportional to i.e., 
equal to an 2 , where a is a constant, called the coefficient of recom¬ 
bination, which gives the fraction of the collisions resulting in 

recombination. 


The rate of increase of ions of each kind at the instant consi¬ 
dered will be the difference between the number produced per see by 

the ionising agent and the number disappearing bv recombination 
per sec. Hence 


dn 

dt 



a n 2 


* * * 
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(1) If the ionisation is constant , then dnjdt = 0, q' ~ tin 2 , i.e., 
the rate of production is equal to the rate of recombination. Now if 
E be the applied P.D., and the mobilities of the positive and 
negative ions respectively, since the corresponding ionisation current 
I is given by the product of the number of ions crossing a section of 
area a, normal to the direction of motion per sec., the charge e on 
the ions and the potential gradient, equal to E II, where l is the 
distance of the points between which the P.D. is established, 

I = a n e (t> + -f v_) E/1 

Since the saturation value of the ionisation current I is equal to 

J a n e (v+ + v_) E II 

I ~ “- 

i 


q a l e 


71 + v -) E 

— 


As 


n = (q/a) 

^ ( v + ~K^_) E 

Is ' 



V q a .l 2 

In this relation, since all the term 
stants, the ionisation current is propor' 
the early stages, as experiment shows. 

relatiin(l{ we ” removed ’ ? = °> *> that from 

dn 


■pt I and E are con- 
’he applied "p.J), jn 


Or 


dt 

dn 


w 


= — an' 


= — a dt. 


Integrating, —- at q (integration constant). 

,,, To evaluate C. Applying the initial condition i e at < — ft 

U if *• b ° the <* *»■» 

^ — — IK* Hence : 


t.e 


n 

J. 

n 


— = — at 


1 


n, 


1 

n 


= at 


o 


n = 


n 


o 


1 -f at “* (3^ 

From this relation, we see that at a timp T i /« 

sriiS* be v2 ' “v. T f .u.ys h “' lf 

foUow^ThfS^f a ^° ve ‘ r0 lation (3) experimentally as 

ions'ware !r£i 10ms * ng ® gen * cut ofiF after a known time, the 

driven to the collecting plates by a strong field and the 
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charge proportional to n noted. This was repeated for various. time- 
intervals. 

The coefficient of recombinatian can be measured by finding 
the time T required to reduce the ionisation to half its initial value. 
Then using the relation a = l/rfc 0 T, knowing n 0 and T, a is found. 
Rutherford obtained the value for a as 1*58 x 10 " 6 for air, 
1-42 x 10" 6 for hydrogen and similar values for other gases. If we 
take a in round figures to be 10"°, we see that starting with 10 6 ion^ 
per unit volume, half of them would recombine in one second. 
Experiments conducted by Rutherford, Langevin and Townsend 
indicate that a varies both with the nature and pressure of the gas 
in a rather complicated manner, which lias not yut been fully under¬ 
stood. 


PASSAGE OF ELECTRICITY THROUGH GASES AT 

LOW PRESSURES 


Electric discharge at low pressures gives 
teresting phenomena that reveal the properties 


P 


rise to new and in- 
of individual atoms 
and of electiicity. 
The simple experi¬ 
mental arrange¬ 
ment required to 
observe these effects 
is ordinarily called 
a discharge tube 
(Fig. 0), It consists 
of a strong closed 
glass tube about 30 
cms. long and 4 eras, 
in diameter, provided with two metal electrodes 0 and A and a side 



tap P meant for connecting the tube with a high vacuum pump and 
a low pressure gauge. To obtain very low pressures a molecular 
pump and charcoal cooled by liquid air that has the property of 
absorbing most of the residual gas are used. The two electrodes are 
connected to the secondary of a powerful induction coil, capable of 
giving a high P.D. of the order of 50,000 volts and more. The elec¬ 
trode connected to the negative terminal of the secondary is 
the cathode C, while the one connected to the positive is the 
anode A. 


General description of the phenomena observed. As the 

pressure of the gas in the discharge tube is gradually reduced by 
working the exhaust pump, the following series of phenomena is 
found to take place in succession. When the pressure is about 10 
cms. of mercury irregular streaks of light appear accompanied by a 
crackling noise. As the pressure is diminished to the order of 1 cm 
of mercury the crackling streaks broaden out into a luminous 
column with a continuous buzzing sound, extending from the anod, 
A almost to the cathode C, its colour depending on the nature of 
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TKio 1 1 T ’ Dng,lt refi lor neon ’ bluish for CO, etc 

Inis luminous column is known V y V 2 ’ eT)C * 

«h,ust» n p,°c e cd» f„rt her , nd |lres „f r e com™ t a w s O? 

discernible, w.th a blue luminosity around the cathode and a dis 

centum,ty near it from the positive column. The glow o^ the 

cathode is called the negative or cathode glow, and the discontinuous 
dark space between the oatfwlA , r i, i .7. , discontinuous 

the Faraday dark space When JJ d P 0sitlve column is called 
1 mm ... V , VYti en the pressure reaches the order of 

extending toTim^f 00 i Unm p tas s()nj fcene ^> the Faraday dark space 
exten Jmg to a greater length. Further reduction of n JL™ l! P i! 


Appearance of a discharge tube at about 0-1 mm. 

cathode glow from the cathode and a 

lark space is formed between 
yhen the pressure gets reduced 
space increases in length and 
u ?.,! nto bright and dark bands called 
nditions the discharge tube has the 

* r ?u akmg * n to ^ our distinct parts, 
cat bode or negative glow 7 , the 
striated positive column. 

f pressure the tube begins to decrease in 

6 wards the anode and finally dis- 

^f, 0 , a ^ ^be ca thode glow expand, 
nesdl.defmed and finally vanishes. At 

e b' ro °kes dark space practically fills 

T u e J 10n ^ en °n gradually comes into 


1 tne detachment of the 
^econd dark space known as 

Q cathode glow and the cathode 
to about 0 1 mm. the & 

© positive column is sp 
3f nations. Under these 
a Ppoarance shown in Fig 

the Crookes dark s 
^aradav dnrir ^ 
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along the tube must be greatly affected by changes in pressure o 

the gas. This field distribution may be determined by using an 

insulated exploring electrode. The results, when the discharge tube 

presents the appearance 

shown in Fig. 10, are illustra¬ 
ted by the curve in Fig. 11* 
The main potential fall is 
across the Crookes dark space. 
The flat portion with small 
dips represents the uniform 
potential gradient in the 
positive column, with a fall 
in the field at each striation 
dark band. The normal 
cathode fall of potential is 
approximately equal to the 
minimum sparking potential, 
about 300 to 400 volts, and 
i R thft same for 



q a£cmq 

Fig. 11. Field distribution in the discharge 

tube at about 0*1 mm. pressure. 


tubes of different lengths and for electrodes of different materials. 
Hence the phenomena at the cathode appear to be essential to the 
discharge, while the positive column is merely accessory. If a heated 
filament is used instead of a plate for the cathode, the negative glow 
and the Crookes dark space disappear and the voltage required to 
maintain the discharge is considerably reduced. 

The different phenomena that appear in the discharge tube 
with the reduction bf pressure can be understood in a general man¬ 
ner on the basis of the following two well-established facts viz. (1) 
ionisation by collision and (2) excited atoms or molecules alone are 
capable of emitting light whereas moving electrons are not. Under 
the influence of the electric field some of the gas molecules in the tube 
will be ionised, forming positive and negative ions. The process of 
ionisation simply deprives the neutral molecules of one of their con¬ 
stituent negatively charged particles, called electrons. The expelled 
electrons soon attach themselves to neutral molecules and form the 
negative ions although at low pressures they can move, free and 
isolated for a good while before getting attached to neutral molecules. 
It is such free electrons which abound in a low pressure discharge 
tube that are mainly responsible for the different phenomena. The 
molecules which have been deprived of their electrons will become 
positively charged and constitute the positive ions. At the instant of 
ionisation, the free electrons expelled from molecules will possess a 
relatively higher mobility than the residual positive ions and in conse- 
. quencejwill be repelled away very fast from the vicinity of the 
cathode. This results in an accumulation of positive ions near the 
cathode which accounts for the intense field gradient and large 
potential drop there. The accelerated positive ions strike the 
cathode and cause it to liberate a great number of electrons. These 
electrons travel some distance accelerated through the strong electric 
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field near the cathode before they acquire sufficient energy to ionise 
gas molecules by collision. As moving electrons do not emit light by 
themselves the space they travel before colliding with molecilles will 
be dark, and this constitutes the Crookes dark space. 

When the accelerated electrons, after traversing the Crookes 
dark space strike molecules and ionise them, the latter emit light 
which gives rise to the cathode glow. The positive ions resulting 
from this collision process tend to slow down the electrons, which 
in consequence lose their power to ionise molecules temporarily. 
Hence emission of light ceases and we have another dark region, the 
Faraday dark space. The electrons continue to be accelerated owing 
to the field gradient, although they have to move much farther than 
before in order to acquire the energy necessary for ionising molecules 
as the intensity in the Faraday dark space is low r er. Once again the 
electrons are capable of ionising molecules by collision with the cor¬ 
responding appearance of glow in the gas. This constitutes the 
beginning of the positive column, with the production of both posi¬ 
tive and negative ions. The electrons thus created move rapidly 
towards the anode, while the heavier residual positive ions accumu¬ 
late, once again retard the progress of the electrons and render them 
incapable of ionising molecules. Hence once more a dark space is 
produced in the positive column, which corresponds to a striation. 
The formation of alternate bright and dark bands in the positive 
column extending up to the anode is duo to the repetition of the 
above-mentioned process. 


It is to be noted that the extent of the dark space depends on 
the distance the electron can travel without collision, i.e the meaii 
free path of the electron. This mean free path increases as the 
pressure of the gas is decreased. Hence the different dark regions 

in the discharge tube will increase in length as the pressure is reduced 
more and more. When the pressure is so low that tfie mean free 
pa is larger than the dimensions of the tube, the whole tube 
appears dark as there is no further possibility of collision with rriole- 

cules of the gas in the tube and oonsequent emission of light. But 

collisions take place with tho walls of the tube even at this stage, 
giving rise to light emission due to fluorescence. 


Detailed study of the phenomena in the discharge tube : 

mnp^M °I **“, cathode ’ positive and X-rays. A cafeful and 
differ de . ta '. ed ana i yS1 ® of H 10 Phenomena in the discharge tube at the 
thrA» e f»n B a 6 0S of exhaustion has brought to light the existence of 
ee important radiations called the cathode, positive and X-rays. 

ihf> ^hese were the first to be discovered among 

meni Th ^ eS ° radia f lons met with in the discharge tube pheno- 

“ “\ J hey first observed by Pluecker in 1859. We have 

„ i h<m 10 pressuro , is re duced to the order of 0 01 mm. the 
on the wnlla P rac f lca, hy fills the tube producing fluorescence 

pace arc found to fluoresce also. These results appear to be produced 
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by some radiation emitted from the. cathode surface, to which the 
name of ccthode rays has been given. Systematic investigations 
carried out by Crookes, J. J. Thomson, Perrin and others established 
not only many of the properties of these rays, but also the most 
important fact- that they consist of a stream of rapidly moving 
negatively electrified particles—the electrons. We shall now briefly 
summarise these results. 

(1) The cathode rays are shot out norm ail} from the cathode, 
their direction being independent of the position of the anode. They 
also travel in straight lines, since if a solid body (a Maltese cross) 
is interposed in their path a sharp shadow is thrown on the wall of 
the tube. 

(2) A light body placed in the path of the rays experiences a 
force tending to move it away from the cathode. Thus a light mica 
wheel with vanes mounted on an axle and placed in their path is 
rotated. 

(3) The rays produce heat w r hen falling upon matter. If the 
cathode be concave in form, the rays being emitted normally from 
it are brought to a focus and a thin piece of platinum placed at this 
focal point can even be melted. The rotation of the mica wheel 
mentioned above is very probably a radiometer effect caused by the 
heating of the surface on which the rays fall, hence not purely a 
mechanical effect, which might argue that the rays are made up of 
material particles possessing inertia, capable of deflecting obstacles. 
This conclusion, however, is not altogether wrong, since it can be 
shown that the cathode rays exert a small true mechanical force, 
provided the gas pressure is very low, the radiometer effect being 
thus eliminated. 

(4) A very large number of crystals, minerals and salts phos¬ 
phoresce brilliantly under the impact of cathode rays, e.g., potassium 
platino-cyanide. These rays affect photographic plates also like 
ordinary light. These properties of cathode rays have been used 
in their detection and chiefly in a more detailed analysis of them. 

(5) The rays ionise gases like strong electric fields. When they 
strike a substance under suitable conditions, the latter becomes a 
source of X-rays. They can penetrate thin sheets of matter as was 
shown by Hertz. 

(6) They are deflected by electric and magnetic fields , the direc¬ 
tion of deflection being that in which a stream of negatively charged 
particles would be deflected. Thus, for instance, if a pair of metallic 
plates maintained at a potential difference be introduced in the 
discharge tube and the cathode rays made to pass between them, 
the direction of propagation being at right angles to the direction 
of the electric field, it is found that the rays are. deflected towards 
the positive plate. If the end of the discharge tube opposite to the 
cathode be coated with a fluorescent material, the luminous spot 

“■J 1 ®"* * by J the r . ays bcfore application of the electric filld 
will shift m a direction parallel to the field and towards the positive 
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plate. If a magnetic field is applied by placing the discharge tube 
between the pole pieces of an electromagnet, the direction of the 
field being at right angles to the path of the cathode rays, the north 
pole in front and the south pole at the back, the luminous spot on 
the fluorescent screen is shifted vertically downwards. If the poles 
are reversed, the spot shifts vertically upwards. This is in accordance 
with the electromagnetic law represented by Fleming's left-hand rule. 
The ray should bend in a direction perpendicular to both its original 
direction and the direction of the magnetic field, hence in the verti¬ 
cal direction, either downwards or upwards according to the dispo¬ 
sition of the poles, A direct evidence for the negative charge 
carried by the cathode rays was furnished by Perrin’s experiment 
(1895) in which the cathode rays were deflected bv means of a 
magnet into a metal cylinder sealed into the side of the discharge 
tube and connected to an electrometer. As soon as the cathode rays 
entered the cylinder a large negative charge w r as registered by the 
electrometer. 

It is found that even very small magnetic fields are sufficient 
to deflect a beam of cathode ravs. Further the deflection, under like 
conditions, has been shown to be independent of the nature of the 
gas in the discharge tube and of the material of the cathode. 

All these properties, considered together, lead to the impor¬ 
tant conclusion that the cathode rays are streams of negatively 
charged light particles, which acquire a very high velocity in the 
electric field maintaining the discharge, and fly away from the nega¬ 
tive electrode. J. J, Thomson called them “streams of negative 
corpuscles**, while Johnstone Stoney, who having found from elec¬ 
trolysis that electricity was atomic in nature, suggested the name 
“electrons**, which name has been universally adopted today. 
Owing to the special conditions of ionisation at very low pressure in 
the discharge tube the electrons expelled from neutral atoms of the 
gas are practically isolated, without getting attached to neutral 
atoms and constitute the cathode rays. Thus the clecttoTb was dis¬ 
covered. It is also seen that these electrons are of very wide 
occurrence, entering into the constitution of all matter, as the stream 
of electrons is always produced in the discharge tube independently 
of the nature of the gas and of the material of the cathode. Subse¬ 
quent investigation has confirmed that the electron is a universal 
negative carrier of electricity, whose nature is the same regardless of 
BOurce or mode of liberation from matter. It may be noted that 
ough the electrons are probably not “matter* * as ordinarily under- 
° 'a ^ niass being purely electrical in origin, they are to be 
consi ered as independent particles of electricity, having a mass, 

m a e8 r i known masses, carrying a charge, the smallest 
q an i y of electricity,and moving with a velocity, exceedingly high. 

f i Positive rays. Goldstein, in 1886, working with a discharge 
was R nro the cathode was perforated and the pressure of the gas 

cAth % ° U * * no ^ ce & streams of luminosity at the back of the 

° e * each 8trea -m proceeding from a perforation in the cathode 
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(Fig. 12). He called them canal rays, as they proceeded canalised by 
the holes in the cathode. Further investigations showed that these 
rays produce phosphorescence, affect photographic plates, disinteg¬ 
rate metals upon which they fall (“sputtering’’), penetrate thin 
aluminium foils, are deflected by electric and magnetic fields, the 
sense of deflection indicating that they are positively charged, and 
consist of a stream of positively charged particles of about the same 
mass as an ordinary gas atom or molecule. Hence thev are known 
as positive rays or a beam of positive ions. The existence of such 
rays is readily understood with the general mechanism of discharge. 
Ionisation of the gas in the discharge tube, as we have seen, causes 
the expulsion of an electron from a neutral atom or molecule and the 
consequent formation of a positive ion. The electric charges on the 
electron and the positive ion are equal in magnitude but opposite in 
sign. The electrons resulting from ionisation being much lighter than 
the positive ions acquire much greater velocity in the electric field 



Fig. 12. Canal rays. 


and move away rapidly from the cathode, while the heavier positive 
ions are less mobile and accumulate near the cathode moving towards 
it. These positive ions moving with a certain speed, that depends 
on the strength of the field and pressure of the gas, pass through the 
perforations in the cathode and become a beam of positive rays. If 
the cathode is not perforated, they simply strike the cathode and 
give rise to a faint glow at its surface. The condition for the de¬ 
velopment of positive rays is ionisation at low pressure in a strong 
electric field, the low pressure preventing the positive ions from col¬ 
liding too frequently with other atoms or molecules and the strong 

field imparting the required high speed to them in spite of their 
relatively heavy mass. 


Positive rays can be formed from molecules as well as atoms so 
that they will be able to give direct information as to the masses 
of atoms and molecules, which refer to the atoms or molecules indivi¬ 
dually, and not as in chemistry to the mean of a large aggregate. It 
is on this account that an accurate positive ray analysis is of verv 
great importance. We shall come back to this point later. * 


X-rays. In 1895, Roentgen, a German scientist, experiment- 
mg with a discharge tube of high vacuum of the order of 0 01 mm 
and more found to his great surprise,, that a fluorescent screen Tn 

Interposing s «Mc k piste bo,Son XTbtS tT&SSXi 
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screen a dark shadow was produced on the screen. Light substances, 
such as thin aluminium sheet, paper, wood, etc., cast less distinct 
shadows. Roentgen was able to trace the origin of the emission which 
produced these effects to the walls oi the vacuum tube upon which 
the cathode rays fell. On account of the unknown nature of the 
new type of radiation, he called them X-rays. 

Further investigations brought out the following properties of 
these X-rays : 

(1) They arise at the point where the cathode rays strike a 
solid obstacle, : and travel in straight linos, obstacles placed on their 
path casting shadows. 

(2) They excite fluorescence in many substances and affect 
photographic plates. They also ionise gases. 

(3) A very remarkable characteristic of X-rays is their high 
power of penetration even through solid substances, which are opa¬ 
que to ordinary light. Their penetrability depends on the density of 
the substances. Flesh is much more transparent to them than bones ; 
hence their use in surgery, that followed almost immediately after 
the discovery, to examine bones, detect fractures, foreign bodies, 
etc. In this connection, it may be noted that the rays arising from 
different vacuum tubes differ in character : the higher the vacuum, 
the greater their penetrating power. Since the voltage necessary 
to force a discharge through the tube increases as the vacuum in¬ 
creases, in which case the tube is said to become harder , it is usual 
to say that a hard tube emits highly penetrating hard X-rays, while 

a tube of not so high a vacuum emits relatively less penetrating 
soft X-rays. 

(4) When they fall upon substances, they give rise to other 
rays, to which the name of **secondary radiation” has been given. 
The secondary radiation is very complex, consisting of three distinct 
types, scattered X-rays, characteristic X-rays and corpuscular rays. 
We shall deal with them in a later chapter. 

(5) They are not affected by electric or magnetic fields, which 
fact differentiates them from the cathode and positive rays and 
makes them resemble ordinary light. 

Subsequent researches proved beyond doubt that X-rays are a 
train of electromagnetic impulses, hence essentially of the same 
nature as ordinary light but invisible and of very short wave-length, 
produced by the sudden stoppage of the electrons of the cathode 
rays by material obstacles situated on their path. 

These rays, invisible though they are, form an important 
branch in modern science, in the study of atomic and crystal struc¬ 
tures, in surgery and therapeutics, etc. 

f ^kus a close analysis of the phenomena met with in the passage 
electricity through rarefied gases has led to the discovery of the 
6 cirem, a fundamental electrical particle that enters into the con- 

th ever y kind of atom, the positive ion that is identified with 

e individual atom which though deprived of one or more of its con- 
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stituent electrons and hence positively electrified, has practically 
tho same mass as the atom, and X-rays an electromagnetic radiation 
like ordinary light but of very short wave-length which results from 
the interaction of electrons with atoms of matter. It is evident that 
for further progress in the study of the intrinsic nature and structure 
of the atom, these three entities, the electron, the positive ion and 
X-rays should be subjected to greater scrutiny and this we shall do 
in the following chapters. 

SOME PRACTICAL APPLICATIONS OF THE DISCHARGE TUBE 

Among the many applications of the discharge tube, we shall 
consider here only two, m 2 ., (i) the Geissler tubes , used as a source 
of light in spectrum analysis, (ii) the modern lamps of great lumino¬ 
sity, such as tho sodium and mercury vapour lamps and the fluores¬ 
cent lamps. 

The Geissler tube is usually of the two shapes shown in Fig. 

13. The first one (a) is a straight glass tube having a capillary por¬ 
tion BC about 7 or 8 cms. long with a bore 
of about 1 mm. The electrodes A and D are 
of either aluminium or platinum. The tube 
is filled with the gas, whose spectrum is 
required, at a pressure of 1 or 2 mm. mer¬ 
cury. A high potential exceeding 2,000 volts 
is applied between the electrodes by means 
of an induction coil. The positive column 
which results from the passage of discharge, 
and has the colour proper to the gas used, 
concentrates in the capillary tube BC, on 
account of the high current density there, 
and gives an intense and fine -spectroscopic 
source. The second (b) works on the same 
principle, but on account of the special Fi¬ 
sh ape and shorter capillary portion about 
4 cms. long, a source of greater intensity 
than in the previous case is obtained, 
viewing the capillary part ‘‘end on”. 
These tubes have been used for many 
years in connection with the study of the 
Fig, 13. Geissler tabes. spectra of substances which can be ob¬ 
tained in the gaseous or vapour form. 
Although they require a high potential the operating current is very 
small of the order of a few raiiliamperes, which cannot heat the 
electrodes to any appreciable extent and for this reason they are known 
as cold cathode tubes . 

The sodium and mercury vapour lamps* These are classi¬ 
fied as hot cathode discharge tubes since, though they do not require a 
very large potential like the Geissler tubes, their operating current 
is high, about 1 amp., which makes the electrodes get heated. The 
sodium vapour lamp is considered as a low-pressure lamp while the 




mercury vapour lamp as a high-pressure one. in t-nese lunus ui 
discharge lamps the vapour pressure at ordinary temperature, hence 

Some catalyser such 
therefore used to start 


at the start, is too low to permit a discharge 
as argon or neon at a few mm. pressure is 
the discharge. 

In the sodium vapour lamp (Fig- 14) the actual discharge 
tube A is bent in the form of a U-tube with the electrodes EE lused 
at the two ends and droplets of pure sodium motal 
are distributed uniformly on the inner walls of the 
tube. A very small quantity of neon gas is also 
introduced into it. The lamp ordinarily functions f /ry| | i 
with 230 volts A.C. But to start the discharge , a I 111 

voltage higher than that is momentarily required, 
which is supplied by a leak transformer introduced 
in the circuit. The lamp* requires an operating 1 A I 
temperature of about 300°C to produce a high 
luminosity. Even at this temperature the pres- |i 

sure of sodium vapour is low, about 0*01 mm. On Mm 

account of the high temperature, heat insulation |i . 

becomes necessary, which is secured by enclosing 
the discharge tube in a double-walled vacuum tube £ E 1 
B. Due to the presence of neon, the light is at „ P ■ ) 

first red until the lamp temperature rises to a stage U mJ M ry j ! 

at which sodium volatilizes. Then the discharge 
is almost entirely maintained by the sodium lg * 14 ‘ ° lum 

vapour, when the light turns yellow. It takes 
some minutes for the lamp to burn at its full intensity, due to the 
gradual vaporisation of the solid sodium. The lamp is worked at 
relatively low currents, as the efficiency decreases when the current 
density is increased above a certain optimum value. The spectrum 
of the light produced consists chiefly of the two sodium lines 5,890 
and 5,896 A°, so that the light may be used as a pretty good mono¬ 
chromatic source. The lamp made by Philips & Co. and patented 

under the name “Philora” is guaran- 

I -1 teed to an average life of 2,500 hours. 

ighting up show-cases 
public squares, but 
somewhat pale in its 


Llf in shops 

1 objects app 

yellow light 

The mercury vapour lamp 

, l_ (Fig* 1®) ■ consists of a straight dis- 

q | g charge tube T mounted vertically in a 

*.1 ■ closed outer bulb. The vertical 

I mounting is to prevent the discharge 

I touching the walls of the tube, which 

aii would thereby get overheated. The 

^lE-,' el | discharge tube contains a carefully- 

y all controlled quantity of mercury with a 

—J trace of argon, the function of the 

ercury vapour lamp, latter being to help the discharge to 
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grow at start until the, mercury gets completely vaporised and can 
maintain the discharge by itself. When started the lamp works at 
low pressures, but the pressure builds up to a specific maximum 
value as the discharge increases. The lamp operates ordinarily on 
the 230 volts A.C. When the mains are switched on, the voltage is 
sent across the main electrodes E x and E 2 , which is, however, in¬ 
sufficient to start the discharge as the electrodes are not yet heated. 
An auxiliary electrode E 3> which is very near E x and is connected 
through a high resistance R (concealed in the lamp itself) to the 
electrode E 2 at the other end, is used to start the discharge. This 
glow discharge between Ejl and E 3 heats the electrodes, while con¬ 
suming only a very little current of a few milliamperes due to the 
presence of the high resistance. When once the main discharge 
begins to work, practically all the current will pass through the tube 
between E x and E 2 . The choke Ch in series with the lamp is used 
to limit the current. Usually a condenser C is put in parallel with 
the mains in order to raise the power factor, but it is not essential. 
The lamp gives out a pale bluish light which takes some minutes to 
attain its maximum high intensity. If the spectrum of this light is 
examined, there is practically no red, but there is a strong amount 
of green and some blue and yellow. These colours are visible, but 
there is another substantial amount of radiation, not visible to the 
eye, viz., the ultra-violet rays, which play a prominent part in the 
construction and working of the fluorescent lamps as we shall see 
presently. The mercury vapour lamps are produced by the G.E.C. 

under the patent name “Osira” and are widelv used for street 
lighting. 

Tlie fluorescent lamps are extensions of the mercury vapour 
lamps, where the invisible ultra-violet rays are utilised to produce 
brilliant light, thus converting unused and wasted energy into useful 
light. This is done by coating the inner surface of the discharge tube 
with a thin layer of suitable fluorescent material, such as zinc 
sulphate, calcium tungstate, cadmium borate, etc. By varying the 
chemicals any desired colour or even mixture of colours can bo 
obtained. A little more or little less of one or the other of these 
fluorescent materials enables one to control the spectrum of the 
light produced within narrow limits, so that a light which approxi¬ 
mates very cicely to natural daylight results, as in the case of the 

wideiy used fluorescent daylight lamps. The ultra-violet rays 
produced by collisions of the electrons with the molecules of the 
mercury vapour in the discharge tube falling on the fluorescent coat¬ 
ing on the inner walls of the tube cause the emission of light radia- 
tions, which are of lower frequency according to Stokes’ law of 
fluorescence, and hence in the visible region. 

The fluorescent lamp in actual use ( Fig. 16) consists of a long 

an ?u W !u 6 g J aSS tube A ’ the inner surface of whose walls are coated 
with the fluorescent material. A small quantity of mercury is 

introduced in the tube, which is then. exhausted to a low pressure 

of about 1 mm. and sealed off at the two ends with two electrodes 
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EE formed of a coil of fairly thick tungsten wire coated with material 
which make them emit electrons ireely when heated. These elec¬ 
trodes are “ preheated 1 * by means of a mechanical press button 
arrangement or, better still, by 
a more convenient “starter” 
circuit for about 2 or 3 secs., 
during which time a current of 
about 1*5 amperes flows 
through them and makes them 
red-hot. Under these conditions 
a discharge current of 0*8 
ampere is sufficient to maintain 
the main discharge that is 
struck. The preheating starter 
S 2 is of glow-type, and consists 
of two metallic strips inside a 
glass bulb filled with helium. 

On closing the main switch S x 
of the 230 volts A.C. almost the 
full voltage is applied across the 
strips of the starter and a glow Fi §- 1G ‘ F1 " orescent lam P- 

discharge results. This discharge heats up the strips which in conse¬ 
quence bend towards each other and finally touch, which enable the 
lamp electrodes to be heated. But when the strips are in contact 
the voltage between them drops to zero, the glow discharge is des¬ 
troyed and the strips get cooled and separate again. Meanwhile the 
hot electrodes have the main discharge started between themselves. 
The condenser C 2 included in the starter circuit is meant to by-pass 
radio interferences and the resistance R in series with C 2 (about 100 
ohms) prevents the starter strips from welding together. When the 
tube operates with the main discharge, it requires a choke Ch to 
limit the current to the required value. A condenser C 1 is connected 
across the mains to correct the power factor to a value of 0*9 
lagging. The capacity of this condenser is of the order of 8 mfds. 

The amount of light obtained from these fluorescent lamps is 
more than three times when compared with the ordinary electric 
lamps for the same amount of energy consumed. The electric lamp 
does not give the same mixture of different wave-lengths as daylight 
fr nT ~: the sun, while with these new lamps close imitation of daylight 
is possible by a suitable choice of the fluorescent powder. Not only 
daylight but any desired colour can be produced by using the proper 
fluorescent material. The manufacture of these fluorescent powders 
involves great technical skill and care as all impurities are to be 
excluded. More economic use of electric energy is made in the 
fluorescent lamps than in the electric lamps. In the latter a very 
great portion of the energy is wasted as heat, while in the former 
much less energy is turned into heat. Moreover, the fluorescent 
lamp gives all the extra light for nothing, since it uses no extra 
electricity for the fluorescent material to absorb the unused and even 
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harmful ultra-violet rays and turn them into useful and beneficent 
visible light. There is eeonomy also as regards the average life of 
the lamp. The lifetime of an ordinary electric lamp is about 1,000 
hours, while for the fluorescent lamp it is more than 3,000 hours. 
This great difference results from the fact that the electrodes of the 
fluorescent lamp are made of a narrow coil of thick tungsten wire 
which is not easily damaged, whereas the filament of the electric 
lamp is flimsy and delicate, which may therefore be snapped by any 
little accident. The greater cost of these new lamps is well com¬ 
pensated by the higher luminosity and longer life. Finally, since 
most of these lamps arc built as tubes several feet long, the fluore¬ 
scent light comes from the whole length of the tube. In consequence 
the shadows cast by them are much less dense and the light more 
restful to the eyes than in the case of the electrical lamp where the 
light coming from a narrow piece of wire causes glare and dense 
shadows. The minimising of glare and thick shadows and producing 
uniformly diffused light are of great advantage for certain purposes, 
such as work in the mines, delicate mechanical manipulation in 
factories, surgical operations, etc,, which require almost shadowless 
hut strong illumination. The fluorescent lamps are now manufactur¬ 
ed by different firms, such as G.E.C., Westinghouse, Sylvania and 
Philips. They are in different sizes and wattages, e.g 15 watts lamp, 
about 1^ ft. long and 1 inch in diameter, 40 watts, 4 ft. long and 1£ 
inches in diameter, 80 or 100 watts, 5 ft. long and 2| inches in 
diameter and so on. The somewhat unwieldy lengths of the lamps 
are not advantageous for certain uses such as street lighting, where 
it is desirable to get a large amount of light from a small source. 



CHAPTER II 

The Electron 

Introduction. W6 Have seen that the cathode rays consist 
of electrons moving with a high velocity and that these electrons 
enter into the constitution of every t} T p3 of atom. Hence in the first 
place, it becomes necessary to determine the charge and mass asso¬ 
ciated with the electron. As these quantities are fundamental 
constants which appear in many formulae in Atomic Physics, they 
should be measured with extremely great accuracy. The investiga¬ 
tions into the charge and mass of the electron lead to an important 
conclusion known as the Electron theory, by means of which different 
physical phenomena such as electrical conduction in metals, Zeeman 
effect, etc., may be explained fairly well. We shall next consider 
some important sources of electrons other than the discharge tube, 
like the photoelectric and thermionic emissions, which will confirm 
that the electrons are identical in nature, having the same charge 
and mass, whatever bo their origin. Finally we shall deal with some 
of the most important practical applications of electronic beams in 
science and industry such as the thermionic valve , photoelectric cell , 
cathode ray oscillograph and electron microscope. 

MEASUREMENT OF THE CHARGE AND MASS OF THE 

ELECTRON 

Prof. J. J. Thomson, at the Cavendish laboratory, Cambridge, 
was the pioneer worker in the determination of the charge and mass 
of the electron. In 1897, using cathode rays and subjecting them to 
electric and magnetic fields, he first determined the value of ejm t 
the ratio of the charge to the mass of the electron, known as its 
specific charge. Then using Wilson’s cloud chamber he measured 
the electronic charge e and combining the two results, obtained the 
value of the electronic mass. The ratio ejm could be determined 
without great difficulty, but the measurement of e was more trouble¬ 
some. With the apparatus then available he could not make very 
accurate measurements, but subsequent technical improvements 
made by H. A. Wilson, Millikan and others led to much better values 
for both charge and mass. Today there exist several entirely 
different experimental methods of high precision, which we cannot 
however, describe here. We shall limit ourselves to a detailed 
study of the early historically important experiments, such as Thom¬ 
son’s determination of ejm of the electrons in the cathode ray, the 
cloud chamber and Millikan’s oil drop methods of measuring the 
electronic charge e. 

THOMSON’S METHOD OF DETERMINING e/m OF THE ELECTRON 

Principle. The fact that cathode rays are deflected by elec¬ 
tric and magnetic fields is made use of in this method. By subjecting 
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a narrow pencil of cathode rays to electric and magnetic fields acting 
at right angles to each other, and measuring the deflections of the 
pencil caused by the two fields, ejm can be determined. 

Apparatus. The arrangement used by Thomson is shown in 
Fig. 17. The cathode rays produced in a highly evacuated discharge 

tube and shot out normal 
to the surface of the 
a cathode C are reduced to 
a narrow pencil by mak¬ 
ing them pass through 
R fine slits in the anode A 
s and in the metal plug B 

which is electrically con- 

wit.h A. This 



Fig. 17. Thomson’s apparatus. 


pencil, travelling in a straight line with a velocity that is accelerated 
between C and A but remains uniform beyond A , strikes a fluorescent 
screen SS and produces a small luminous patch at P. On the path 
of the pencil electric and magnetic fields are set up as follows : the 
electric field is produced by maintaining two horizontal plates D and 
E at a high difference of potential ; this field acts in the plane of the 
diagram and at right angles to the direction of motion of the cathode 
ray particles. The cathode ray passing through such a field will be 
deflected in the vertical plane towards that plate which is positively 
charged. The magnetic field is produced by an electromagnet MM 
with its direction perpendicular to the plane of the diagram and 
hence at right angles both to the electric field and the direction of 
motion of the cathode ray. Such a field will deflect the cathode ray 
also in the vertical plane, downwards or upwards, according as the 
field is directed from front to back or back to front. Thus the pencil 
of cathode rays can be subjected to crossed electric and magnetic 
fields that act in directions perpendicular to its own. The lines of 
force of the two fields are arranged to act over the same region > so 
that the cathode ray will be under their influence over the same 
length of path. 


Theory. Assuming that the cathode ray consists of charged 
particles with mass, charge and velocity equal to m> e and v respec¬ 
tively, let us consider the effects due to the two fields, first acting 
separately and then simultaneously. 

Electrostatic deflection . Let the uniform intensity of field bet¬ 
ween the plates D and E be X and the upper plate D positive. 
Under the influence of this field the cathode ray will be deflected 
upwards and the luminous patch on the fluorescent screen, which is 
at P before the introduction of the field, moves up to a position Q. 
This shift PQ of the patch can be estimated as follows :— 

Considering any one particle in the cathode ray pencil, the force 
exerted on it by the electric field = Xe (in the diu ion of the field). 
Hence the acceleration of the particle in the same direction = Xe/wi. 
Since the force and acceleration are alwaj r s constant and perpendi¬ 
cular to the initial direction of the particle, similar to the case of a 




horizontal projectile subjected to the constant vertical acceleration 
due to gravity, [the path of the particle will be a parabola. 

* ,, If * be the time of flight of the particle through the electric 
. e o length If the deflection of the particle in the upward direc¬ 
tion as it just emerges from the field = UXe/m)t\ Since t = l/v 
the electrostatic deflection = %(Xe/m) ( Ijv )*. ; 1 

J V J 4 1 . ^ as there is no other deflecting agency 

the particle moves along a straight line tangential to its path at the 

at n* °mt Xlt * he r fi 1 ld , and finaI1 y strikes the fluorescent screen 
, . T 5° fl r ^ lummous patch depends on two factors, 

*“■! ' he reflection caused by the field and the distance of the fluores- 
cent screen from the field. 


Hence 


PQ = -1 K( 


Ae 


i 


v 


• * • ( 1 ) 


2 V m / x - / 

which L U be rr.;^ 6 """ 8 ° n ge ° m<, * ry ot lh ‘ 

_. f . Magnetic deflection. Let H be the uniform intensity of the mag- 
£?i ed ; !•-?*« right w-gl,, to the pl.„e |f 

front X t "V fUrther su PP° so *>»at the field is directed from 

field can h. nl T \' e J° ree “«»odo ray particle due to such a 

neia can be calculated as follows :_ 

sitv kn ° W that th ® force exerted by a magnetic field of inten- 
Since i the rateof ° f len § thand of strength i is Ht*. 

= H (daldt)Js H k y W d f /wn arg r = u q/dt ' the force cons * der ed above 
the chSie 7 ^ V 9 ' (rfS/ i- )- i In the present case if dq stands for 

exerted *L , P art / de and */* for its velocity the force 
exerted on the particle by the magnetic field = Hen. 

Will be ^ the [° rCC ’ &S given Fleming’s left-hand rule, 

assumed lhnl^ t ow, ™ ards > on account of the direction of the field 

at riffht anulea in S , lnC0 tbis ^ orcc 18 constant and always acts 

the Article 8 ,n 111 5”°“°“ ° f “ 0ti ° n of the P article - the path of 

circular na.th . C ., ,s an arc °f a circle. If r bo the radius of this 

circular path, we get the relation 


Her — 


mv 2 


¥ 

f0 l W ^ deflection caused by the field may be computed as 


maeniS Lm deflc k c V°S. of the particle due to its passage in the 

and % = l yr „ V- 18 VGry 8 “ ali f Can be neglected! 

nArtw lfi ^ l /Zr.' After emerging from the field the 

the point of^exit to its circular path at 

ooint R vAPt* n i ho field, and strikes the fluorescent screen at a 

given bv ^ u W P shift of the lum inous patch is 

of the apparatus. V ’ WhCr ° K 1S a ^natant depending on the geometry 
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Simultaneous application of the electric and magnetic fields. 
Supposing that the separate deflections due to the two fields are in 
opposite directions, which condition is obtained by crossing the two 
fields, i.e.y by.making them act at right angles over the same length 
of path of the ray and suitably arranging the sense of the fields, for 
instance the upper plate D of the electric field being positive and 
the magnetic field directed from front to back, let the intensities of 
the two fields X and H be so adjusted that they produce equal and 
opposite deflections and in consequence the luminous patch remains 
in its original position P. Under these /conditions the forces due to 
the two fields on the cathode ray particle just balance each other, 
so that 


Xe = Hev 




The value of c/m of the cathode ray particle can be determined 
making use of any one of the two equations (1) and (2) in combina¬ 
tion with equation (3). 

Experimental procedure. Using the electric field alone of 
intensity X the deflection PQ of the luminous spot on the fluores¬ 
cent screen is measured. The magnetic field also is then switched 
on and its intensity is adjusted to a value H which brings back the 
luminous spot to its initial position P. This is possible only if the 
two fields are crossed, as explained above. 

From equation (1) 



and v = 


PQ — 
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* _ 

* * 
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X 

H 

K 
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from relation 



2PQ.X 


KJ 2 H 2 




9 9 * 



In this relation PQ. is already measured ; K. the constant de¬ 
pending on the geometry of the apparatus can be evaluated. X the 
intensity of the electric field, is obtained by dividing the P.D. bet¬ 
ween the plates D and E by the distance between them ; Ii the inton- 
sity of the magnetic field can bo measured by one of the several 
methods avadablo for measuring the magnetic field between the pole 
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pieces of an electromagnet. The length l of the plate D or E is easily 
obtained. Hence the value of e/m can be determined. 

In the alternate procedure the magnetic field alone, of intensity 
H, is first applied and the downward deflection PR of the luminous 
; P' J ' caused by it is measured. Next the electric field is made to act 
along with the magnetic field and the intensity X is adjusted to 
bring back the luminous spot to its initial position P. 

From equation (2), we have 


m 

a 


2RRv 

Kim * 
2PR.X 


But v — 


X 

H 


rn KZ 2 H 2 *** 

All the quantities on the right-hand side of this equation are experi¬ 
mentally measured and the value of e/m can, therefore, be evaluated. 

Note , The velocity v can be measured by the simultaneous 
application of both the electric and magnetic fields so that the deflec- 
lon caused by one of them is annulled by the other and using 
relation (3). Other methods of finding v have also been used. Thus 
lnomson deflecting the cathode ray pencil by means of a powerful 
magnet into a small insulated metallic cup containing one junction 
ihn 4 erm ° cou pl e an d connected to a quadrant electrometer, measured 

wrOl nc a A C 1 rge ^ onv i e y cd to the cup by the cathode ray particles as 
f i f 8 tlie lieat developed by their stoppage. If N particles enter 
tne cup per second, then the total charge Q = Ne ; and if W is the 

total energy received by the cup per second, W = — 

2W . 2VVe 


mv 2 N. 


Hence 


v 2 = 


mN Q m 

followf aU Tu ann C 1 lcuJ t ted v from the P D - of the 'discharge tube as 
s . The work when charge e falls through a P.D. V is equal 


t0 eV- But the kinetic energy of a cathode ray particle is 


mv 


Henco 


mv 2 = eV 


v s — 


2eV 


m 


betweSrS^io® a I ll T i 1 n! a 1 1 no ° f " , obtainc < 1 b y those methods varies 
of the r? u 'f x cms./sec., a value which is about 1/10 

tarns «SS l 0f t L ,ght - henf> ° ver y bi 8 b - With such velocities elec- 

cathode ^ m0O , n ,n a fow seconds. The velocity of the 

chiefly on^t!hr> r * ,C 08 cvidcntl . y (lc P cn(ls npon a number of conditions, 

paSes have diC 88 ? 0 P d P D - oftbc discharge tube. If the 

both the olectnv I ^ nt ve o ? lt,CR a dispersion effect is observed in 
lne electric and magnetic deflections. 

the miterJof Tu!, U l?i f is foundto be a constant independent of 

material of Iho cathode as well as of the kind of gas in the dis- 
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charge tube, which, therefore, indicates that the particles in the 
cathode ray are of the same kind, though they might acquire widely 
different velocities. 

(3) The numerical- value of ejm obtained by Thomson in his 
first experiments was of the order of 10 7 e.m.u, ; but a later deter¬ 
mination gave 1*7 x 10 7 e.m.u. or 5*1 x 10" e.s.u . since the e.s.u, is 
obtained by multiplying the e.m.u. by 3 x 10 10 which is the velocity 
of light. This value comes very close to that of modern accurate 
measurements involving entirely different experimental techniques, 
such as the comparative study of the spectra of hydrogen and ionised 
helium, the Zeeman effect, Dunnington’s method of subjecting 
thermionic electrons to the combined influence of a high frequency 
oscillator and a large uniform magnetic field and Beardon’s measure¬ 
ment of the refractive index of a diamond prism for X-rays of known 
wavelengths. The mean value of ejm given b} T these high-precision 
methods is T76 x 10 7 e.m.u. We may, therefore, conclude that the 
cathode ray particles are identical with electrons that enter into the 
constitution of all matter. 


(4) Comparing the value of ejm of the electron with that of 
e/M of the hydrogen ion in electrolysis, which is 9*6494 x 10 3 e.m,u, 
(since 1 gram atom of hydrogen carries 96494 coulombs or 9649*4 
e.m.u . of electricity) it is seen that the first is about 1840 times as 
large as the second. This might mean that either the charge on the 
electron is 1840 times as large as the charge on the hydrogen ion, the 
mass being the same in the two cases, or the mass vi of the electron 
is 1/1840 of the mass M of the hydrogen ion, the charge on each 
being the same. To decide this point it is necessary to determine the 
charge e on the electron separate^. 


DETERMINATION OF THE CHARGE ON THE ELECTRON 


We shall describe here the three historically important experi¬ 
ments conducted by J.J. Thomson (1898), H.A. Wilson (1903) and 
Millikan (1913). All of them depend on the measurement of velocity 
with which small liquid drops fail in air, and hence use a fundamen¬ 
tal law governing the motion of small spheres in a viscous medium, 
first formulated by Stokes and known as Stokes* law. Stokes, investi¬ 
gating the problem of the fall of a small spherical particle under its 
own weight in an extensive viscous medium, found that the particle, 
although accelerated at first, soon acquires a steady velocity under 
the combined influence of the downward force of gravitation and the 
upward force of viscosity of the medium. He derived the following 
relation equating the upward viscous force with the downward force 
due to the weight of the particle, viz. 


GnVav — -- na*pg y 

O 

where v is the coefficient of viscosity of the medium a, v and p are 
the radius, the constant terminal velocity and the density of the 
particle. From this relation we get 
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It is seen that if the uniform terminal velocity v is experimentally 
measured, the radius a of the particle can be calculated,, the other 
quantities being easily known. 

Although the three methods use Stokes’ relation, yet the ex¬ 
perimental technique is not the same. While the first two employ an 
arrangement known as the C. T. R. Wilson’s cloud chamber, the 
third has recourse to a different device of using fine single droplets of 
a heavy non-volatile liquid. We can, therefore, classify the three 
experiments to be described under two heads, viz., 

(1) The cloud chamber method, and 

(2) Millikan’s oil drop method. 

The three experiments serve very well to illustrate how scientific 
research, in general, is conducted, new methods striving to overcome 
the defects of the older ones and thereby achieving greater precision 
in measurements and better results by suitable improvements of 
experimental technique. 

CLOUD CHAMBER DETERMINATION OF THE ELECTRONIC CHARGE 

As we have stated above, both Thomson and H.A. Wilson, in 
their measurement of the charge e on tho electron, used the cloud 
chamber technique, first devised in 
1897 by C. T. R. Wilson. The principle 
involved in the cloud chamber may 
be briefly stated as follows : It is a 
well-known fact that when air con¬ 
tained in an enclosure and saturated 
with water vapour is subjected to a 
sudden, i.e. t adiabatic expansion, the 
temperature falls, supersaturation takes 
place leading to the condensation of 
the water vapour and the formation of 
a cloud of water droplets. The pro¬ 
duction of such a cloud is, howevor, 
impossible unless nuclei, on which the 
water vapour may condense, are pro¬ 
vided. In ordinary air, dust particles 
which are always present, offer them- 
selveB as these centres or nuclei for 
condensation. Rut in dust-free air, 
this phenomenon of condensation and 

formation of cloud will, therefore, be extremely difficult. C. T. R. 

i son, owever, showed that the condensation cloud can be pro- 
^uce even in dust-free air, provided the air is ionised by an ionising 
tan* 1 S t^ . , as cathode rays, X-rays or some radioactive suba- 
•itm Ce * .i V1 ^ ions produced act as centres of condensation. 

* he a ^abatio expansion is in the ratio of I : 1-25 in volume 
fhft* 11 nation takes place on the negative ions alone, while if 

Thi« A 10 exce ^J? * : 1*3 on both the negative and positive ions, 
covery of formation of condensation cloud in dust- free but 
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ionised air forms the basic principle of the famous Wilson’s cloud 
chamber, which, with further improvements, is so constantly and 
effectively used in many modern researches. 


THOMSON’S EXPERIMENT 


Principle. Thomson made use of both C. T. R. Wilson's 
technique of cloud formation in dust-free ionised gas due to adiaba¬ 
tic expansion and Stokes’ law for the uniform descent of spherical 
droplets in a viscous medium in his determination of the electronic 
cjiarge. 


Apparatus. A spherical glass vessel G closed at the top by 
an aluminium plate A contains water in its lower part so that the 

aii* in the space above the water 
level is saturated with water 
vapour {Fig. 18). The air can be 
subjected to adiabatic expansions 
by working an air-tight piston P 
in a side tube, and ionised by means 
of the X-ray tube X. The expansion 
ratio is adjusted to 1 : 1*25 so that 
condensation takes place on the 
negative ions.’ A known potential 
difference can be established between 
the surface of wafer and the alumi- 
niu m plate. 

experimental procedure. 

The dust particles in the air of 
the chamber G are first removed 
by working the piston a few times. Every time a sudden expansion 
is made, a cloud is formed on the dust particles which is allowed to 
settle. When no more cloud appears on expansion, all the dust 
has been removed. The air is then ionised by the X-rays directed 
into the chamber and an adiabatic expansion, whose ratio has been 
fixed previously, is given to the ionised air. Condensation takes place 
on the negative ions and a cloud is formed, which is allowed to settle 
for a while, when the top of the cloud becomes sufficiently defined. 
The rate of fall of the top under the action of gravity is measured 
Assuming that the minute droplets of water that constitute the 
cloud are all practically of the same size, the ra te of descent of the 
whole cloud is also the mean velocity of descent of the individual 
droplets. Thus knowing v t the mean velocity of each dron and 
applying Stokes’ law, the radius a of each drop is obtained : P * 



Fig. 18 . Thomson's apparatus. 



From the radius a, the volume of each 
calculated. 


drop, equal to J 7 ta 3 , is 
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Now the total volume of water condensed to form the cloud can 
be estimated from the known values of the expansion ratio, the ratio 
o l the two specific heats of air and the latent heat of vaporisation. 

Dividing this total volume of water condensed by the volume 
of each drop the total number of drops N in the cloud is obtained. 
Since the droplets are formed on the negative ions, the total number 
of negative ions in the cloud is also N. 

By establishing a known small potential difference between the 
surface of water in the chamber and the aluminium plate A, the 
former being positive, the cloud containing the negative ions drifts 
towards the water surface, settles on it and communicates to it the 
total charge Q in the cloud, which can be measured by connecting 
the water surface to a quadrant electrometer. As this amount of 
charge Q may be assumed to be shared by the total number N of 

negative ions, the charge on each negative ion, which is the same as 
the electronic charge e — Q/N. 

Results. (1) In the first experiment conducted in 1808, 
Ihomson obtained for e the value of 2* 16 x 10~ 20 e.m.u. in air an 

1 flni* u hydrogen. On repeating the experiment in 
1-2, with various samples of radium as ionising agents he got a 

va ue of 1 *33 x 10 20 e.m.n. which is much closer to the correct value 
given by modern precision methods. 

(2) His method was evidently imperfect for the following 

reasons : 


, i ( a ) Thc measurement of the total number of drops N and the 

a c arge Q in the expansion cloud can be carried out only 
approximately. 

i i ^ ^ is assumed that each drop carries only one negative ion 

all ° n y °, ne f un damental charge, which need not be true for 

all the drops in the cloud. 


is difficult to measure accurately thc rato of fall of the 
rather diffuse top of the cloud. 

R „ m „ if! Th « drops forming the cloud are supposed to be all of tho 
not Vi« iif n 0 remain^unaltered during the experiment, which can- 
thnir uni. 6 Ca 8 < ?i\ 0,8 drops may not be all of the same size and 
evaporation 00 W * * cc^i^y diminish in course of time due to 


H.A. WILSON’S EXPERIMENT 

arran^in^*^’ ^.^ 80n practically the same experimental 

Thomson's usin £ essentially the same principles as in 

the defertia cf + ^ 9 'i^ 8 * ^ oweve ^ able to overcome the first two of 

charge the rlof 6 measurement of the electronic 

total charge O , ® rminatlon of the total number of drops N and the 

assume that li n L ( ^' Tne un oecossary. Likewise there was no need to 
BBume that each drop carried only one fundamental charge. 
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Principle. The method consists in measuring the rates of 
descent of the expansion cloud first under the action of gravity alone 
and then tinder the combined action of gravity and an electric field. 

Theory, , Let i\ be the rate of fall of the cloud when gravity 
alone acts and v z the rate when both gravity and an electric field 

act. Let X be the intensity of the electric field, m the mass of each 
drop, and e the charge. 

Since the velocity of a body moving through a viscous medium 
is proportional to the force driving it, we can write, considering any 
one drop v x jv 2 = mg I {mg + Xe), provided it is assumed that the 
drops are all of the same size without any change during the 
experiment so that the rate of fall of the whole cloud may be taken 
to be also the rate of fall of each drop. 


v z —v x Xe 

v x mg 


or 


mgfv 2 — v t 

xV 


v 


* v -^ ^ j 

The mass in of a drop can be determined from the velocity of des¬ 
cent v x when gravity alone acts, using Stokes’ formula : 

_ JL 

“ "3 


67 xyav x 


7 ra*pg 


a 3 


m 




r * 



( v 2 — Vj) 

Sine© X, Uj, » 2l v, p and g are known, e can be calculated. 

Apparatus. A glass vessel G has for its upper and lower 
walls two metal plates A and B. It is also fitted with two taps C 

and D, one at the bottom and the 
other at the top. A high potential 
difference can be maintained bet¬ 
ween the plates by means of a 
battery supplying 2,000 volts. An 
X-ray bulb is used as the ionising 
agent (Fig, 19 ). The space bet¬ 
ween the plates is well illumined 
by a suitable source of light, not 
shown in figure. 




D 



G 


B 


+ 




CLOUD 


Air saturated with water vapour is 
made to flow into the glass vessel 
through the tap C after passing 
through a cotton-wool filter which 

iq tt a wi , removes all dust before the air 

19. H.A. wiUon 8 apparatus, enters the vessel. This air is slow¬ 
ly compressed isothermally so that 
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its temperature is the same as that of the surroundings. Then the tap 
D is opened for an instant and closed. This puts the compressed air 
in the vessel in communication with the outside for a moment, which 
in consequence suddenly expands and is cooled. The compression 
is regulated in such a way as to have the sudden expansion in the 
ratio 1 ; 1*25. Even under these conditions the air remains perfect¬ 
ly clear and no cloud is formed, as long as the air is not ionised. 
If the air has, however, been ionised by a beam of X-rays before the 
adiabatic expansion is made, a condensation cloud is formed, evi¬ 
dently the negative ions a,cting as nuclei. As the cloud descends 
slowly under its own weight? its rate of fall is measured by noting 
the time for the top of the cloud to fall through a known distance. 

By means of a high P.D. established between the plates A 
and B , so that B is positive and A negative, a vertical electric field 
of intensity X is maintained between them. The direction of the 
field is the same as that of the gravitational field. The expansion 
cloud is again formed, which now descends under the combined forces 
of gravity and electric field. The rate of fall v 2 is measured in this 
case as before. Thus measuring and v 2 and knowing X, 7 ), p and 
^ e can be determined. 

'Results. (1) Under the action of the electric field the charged 
cloud divides itself into two or three groups, descending at different 
rates. Measuring the rates of fall of these groups and calculating 
the charge with the separate rates, values roughly proportional to 
1:2:3 are obtained. This proves the existence of drops in the 
expansion cloud with more than one fundamental charge. The value 
found from measurements of the rate of fall of the slowest group is 
taken as the charge on the electron. Wilson’s value of e varied 
between 0-7 x 10' 20 and l*48xl0- 20 e.m.u., which gave a mean value 

of 103 x 10" 20 e.m.u. which is much below the actually admitted 
value of T59 x lb -20 e,m.u. 

(2) The low value obtained by Wilson is due to the following 
defects inherent in his method : 

w 

(а) The chief source of error is the supposition that all the 
drops in a cloud are of the same size, which remains unaltered 
throughout the experiment. This is not true, since the air warms 
up after the expansion and the drops diminish in size due to evapora¬ 
tion. Owing to this unavoidable set-back of the constantly changing 

value of the radius a of the drop, it is impossible to obtain accurate 
values. 

(б) The existence of turbulence effect in the chamber. 

rote of fall of a diffuse edge of a cloud is measured 

with difficulty. 

Application of Stokes’ law to a cloud of particles, whereas 
e aw holds good rigorously for a single spherical body at an infinite 
distance from every other sphere and from any wall. 
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MILLIKAN’S DETERMINATION OF THE CHARGE ON THE 

ELECTRON 


The problem of making an accurate direct determination of the 
electronic charge was finally solved by Millikan in 1913. 



Prof, Millikan 


Principle. The method is in principle 
the same as Wilson’s, but the errors due to 
the assumption that the drops arc all of 
one size and do not change by evaporation 
are successfully eliminated by using drops 
of a non-volatile substance such as oil or 
mercury and making observations on single 
drops. Since only one drop is studied, the 
rigorous application of Stokes’ law is also 
secured. By a suitable application of an 
electric field opposed to the gravitational field 
a given drop is made to move up or down or 
remain balanced, i.e., stationary in the field 
of view for several hours even, so that a long 
series of observations can be made on it. 
Hence the method is known as the Millikan's 
balanced drop or simply oil drop method . 


Theory. Suppose the intensity of the electric field is adjusted 
to a value X so that a single oil drop of mass m carrying a charge e 
remains balanced. Then Xe = mg. 


• * 




Now if v be the velocity of the drop under the action of gravity 

■f 

4 

alone, applying Stokes’ law, (V yav = — tt a 3 (p — e)g taking into 


account the buoyancy of air, p and or being the densities of oil and 
air respectively. 

9 yv 

a ~ 2 (p— a)g 

9 yv 

2" ‘ (P-o)<7 J P 

Substituting this value of m in relation (1) 

4 tt F 9 yv 

6 = T X\_T (p — a)g J 99 

In this relation X, v t p and a are readily measured. The value 
of e can, therefore, be calculated. 

In the above derivation we have assumed for simplicity that a 
drop carries a single charge e, which is found not to be true under 
the actual experimental conditions. But even when a drop acquires 


Hence 


mass m = 


7 rtt 3 p ~ 


3 


7 T 
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more than one unit of charge it is possible to obtain the value of e 
by careful observations on the drop as we shall see presently. 


Apparatus. Millikan’s experimental arrangement shown 
diagrammatically in Fig. 20 consists essentially of an observation 
chamber built with a pair 


of optically plane metallic 
discs A and B about 20 
cms. in diameter and 16 
eras, apart, held together 
by insulating rods of glass 
or ebonite so that they 
arc perfectly parallel to 
each other. This observa¬ 
tion chamber is situated 
in a bigger chamber C 



which is completely sur- Fig 20 _ Millikan . B appara tus. 

rounded by a constant 


temperature bath of oil E. A high P.D. of the order of 10,000 volts 
can be established between the plates A and B by means of storage 
batteries. The P.I). can be varied by a potentiometric arrangement or 
completely short circuited so as to reduce the field between the plates 
to zero at will. The upper plate A being made positive, the direction 
of the electric field is opposite to that of the gravitational field and 
can in general prevail over it. Minute droplets of a heavy non¬ 
volatile oil are produced in the chamber C by means of a spray 
atomiser D. These droplets descend slowly and occasionally some 
of them enter into the observation chamber through the pin-holes 
made in the upper plate A close to the centre. The space between 
the plates A and B is strongly illumined by light from an arc L 
suitably filtered of heat rays by water cells. Under the powerful 
light the droplets, as long as they remain in the observation chamber, 
can be observed by means of a short focus telescope T provided with 
a scale in the eye-piece, and they appear as brilliant spots on a dark 
background. The droplets that enter the observation chamber are 
generally charged by the friction involved in the spraying process. By 
means of an X-ray tube (not shown in Fig. 20) fresh ions can be pro¬ 
duced in the chamber so that the droplets there can pick up 
additional charges of both kinds, positive and negative. Under these 
conditions it is possible to make observations on single droplets. 
The same droplet can be made to move up or down or remain at 
rest in the field of view of the telescope for a long time by suitably 
adjusting the strength of the electric field. The effect of the picking 
up of additional charges bj 7 the droplet is made evident by the jerky 
motion upwards or downwards of the droplet. 


Experimental procedure. Having singled out a drop for 
observation its velocity of descent v 1 under the action of gravity 
alone is measured by noting the time taken by its image to pass 
the successive lines in the graduated scale of the eye-piece of the 
observing telescope. This measurement is repeated several times in 
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the course of the experiment by cutting off the electric field and 
allowing the drop to descend under its own weight. v x is found to be 
a constant, thus indicating that the size of the drop remains un¬ 
changed. From the value of v x the mass m of the drop is calculated. 


m 


4_ fJL ^1 II 

3 2 (p — cr)grj 


The electric field is then established by applying a high P.D. between 
the plates A and B. Then the downward motion of the drop under 
observation will be retarded. By suitably adjusting the intensity 
of the electric field, say to a value X, the drop is made to move 
upwards towards the positive plate A. This upward motion of the 
drop should take place with a constant velocity v 2 provided the 
charge on the drop remains the same. Since the drop could have 
acquired more than one unit of charge in the spraying process, re¬ 
presenting its charge by e n we get the relation 


h. = mg 

v % Xe n — mg 

But in the course of a prolonged series of observations it happens, as 
Millikan found, that the upward velocity of the drop does not remain 
constant but changes suddenly from v 2 to another value v 2 , greater 
or less than v 2 . The only cause for such a change in the velocity of 
the drop can be that the charge on the drop varies in a discontinuous 
fashion by its picking up additional charges from ions present in the 
surrounding medium. 

This discontinuous change in speed of the drop is found to 
occur more frequently if the gas in the observation chamber is ionised 
by X-rays which means the drop picks up more often ionic charges 
from the good supply of ions now present in its path. The constant¬ 
ly charging velocities of the drop can be measured by noting the 
time taken by the image of the drop to traverse the successive scale 
divisions in the eye-piece of the telescope* 

Due to the acquisition of charges, if the new velocity of the 
drop be v 2 and the corresponding charge on the drop e n we may 
write again 



v 


mg 


v z 


Xe n '—mg 


* * 


• m 


Also 


V 


1 


mg 


v 2 ' -i v x Xe n ' 


« 


— 


e*-e» 


mg , 
mg 

(Vj+t^from cqn. (1) 
mg , 



...(3) 
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In this relation (e n ' — e n ) is the amount of additional charge picked 
up by the drop which has caused its velocity to change from v 2 to 
v 2 \ Since mg/Xv 1 is a constant, ( e n ' — e n ) oc (v 2 ' — v 2 ), which 
means that any charge which the drop may capture is always pro¬ 
portional to the change produced in its velocity. 

The values of (v 2 ' —* v 2 ) obtained from thousands of observa¬ 
tions on a single drop are all found to be nearly integral multiples of 
a minimum value among them, though some are positive, t.e., 
v 2 v 2 ftnd others negative ? i.e. t v 2 <; This shows that the 
drop picks up ionic charges, both positive and negative, but always 
as integral multiples of a smallest unit of charge corresponding to 
tho minimum value of (v 2 — v t ). The value of (e n f — e n ) are, there¬ 
fore, exact multiples of the fundamental charge e on the electron. 
Hence the value of e is obtained from the relation 


6 - ± 

The value of e thus estimated is found, however, not to be quite 
constant, being greater for smaller drops than for larger. This 
inconsistency, as Millikan proved, arises from the fact that Stokes’ law 
governing the motion of small spheres in a liquid medium when 
applied to the present case of microscopic droplets moving in a gas 
medium, needs a modification depending on tho mean free path A of 
the gas molecules and the radius a of the droplet. The frictional 
orce acting on the droplets is accurately expressed not by §Tzyav lt 
but by QnyavJ^ -bP^/a) where p is a constant. This correction is 
important when very small droplets are employed and affects the 
expression for e (equation 3) through the mass m of the drop. Tho 
nnal corrected expression is : 



The value of the constant p is obtained by plotting graphically 
the variation in the value of e with the radius a of drops of different 
sizes. AH the other quantities being known the value of e is 

calculated. 


Millikan made thousands of observations on droplets 
o different liquids such as oil, glycerine and mercury and of different 
izes, with different gases such as air, hydrogen, etc., at widely vary- 

the chamber. Observations on single drops were 

i*;!L e ° r ® ev ^ ra ^ hours together. The important results obtained by 
bim may be summarised as follows : — 

• ever y 08,86 recorded the values of the quantity (v 2 — v 2 ). 

6 differences between the velocities of the drop caused by the 
mult’ 1 ***** of additional charges by it were always found to bo 
diYm^ 68 °f ^West among them, no matter in what gas tho 

formp^K^^Tk ° r kind of drop was used. Among the drops 

e y the spraying process, some had initially no charge but 
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successively picked up one, two, three, four, etc., charges. Others 
carrying initially seven, eight, twenty or even fifty units ordinarily 
picked up a dozen or two of elementary charges on either side of the 
starting point. At one time it was a negative ion that was picked 
up, at another a positivo ion. No case was ever found where the 
ionic charge did not have either exactly the value of the smallest 
charge captured or else a simple multiple of that value. The identity 
of the elementary charge developed by friction in the formation of 
the drops with that carried by ions, positive and negative, was also 
established. For, as soon as the droplet entered the observation 
chamber and was acted upon by the electric field, it moved with a 
velocity which lay within the range of velocities found as a result of 
the picking up of the ions and in all cases the rule of whole numbers 
was obeyed. These results prove that all the ions carry the same 
charge, either positive or negative, and the charge on the electron is 
not a statistical mean of a quantity which varies, but a definite 
atomic unit. Thus the atomic structure of electricity is established 
in a very decisive manner. 

(2) The value of e found by Millikan was 4*774 x 10~ 10 e.s.u. 
or 1*59 x 10 20 e.m.u. The chief source of error in this result lies in 
the value of the coefficient of viscosity of air. This has been recently 
redetermined and has finally led to a value of 4*8036 x 10' 10 e.s.u. 
or 1*6012 x 10~ 20 e.m.u. The many other indirect methods available 
for estimating e, such as the comparison of the wavelengths of a 
particular X-radiation measured with a ruled grating and then with 
a calcite crystal, continuous X-ray spectrum, ionisation potentials by 
electronic impact, electron diffraction with crystals and films, Comp¬ 
ton and photoelectric effects of X-rays, etc., give the mean value 
for e as 4 8025 x 10" 10 e.s.u. or 1*6008 x 10‘ 20 e.m.u. Millikan’s 
oil drop method is, therefore, not only a direct method for the deter¬ 
mination of electronic charge but also a high precision method, over¬ 
coming all sources of error and leading to a very accurate result. 

(3) Millikan in his long series of observations established not 
only that the elementary charge is the same for the positive and 
negative ions, but also that the electrons ejected by the drops them¬ 
selves under the direct influence of X-rays, which he was able to 
obtain by reducing the pressure to a very low value and allowing the 
X-rays to fall directly upon the drops, carry a charge exactly equal 
to that carried by the ions in the gas. 

Proceeding further, it can be shown that the charge carried by 

the hydrogen ion has the same value as the charge on the electron by 
the following considerations : — 

Avogadro's number (N) which is one of the most important 
constants in Physics and Chemistry is the number of atoms in a 
“ gram-atom” or the number of molecules in a “gram-molecule ** This 
needs further explanation. According to the ^tom“ theory every 
element consists of atoms all of the same kind and weight, and the 
weight of each atom expressed in terms of the weight of the lightest 
hydrogen atom taken as unity was originally called the atomic 
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weight. Accurate investigations, however, proved that it was pre¬ 
ferable to refer atomic weights to that of oxygen taken as 16, in 
which case the atomic weight of hydrogen is no"longer one but 1-008. 
In chemical science it is ordinarily not necessary to know the weights 
of atoms in grams. The weight of oxygen atom is taken as 16 and 
the weights of all other atoms are expressed in terms of oxygen, 
"itlifiut knowing the weight of the oxygen atom in grams. However, 
since ^substances are usually weighed in grams, the terms ‘‘gram- 
atom” and ‘‘gram-molecule” have come to be used. A “gram-atom” 
is the weight of an element measured in grams which is equal numer¬ 
ically to its atomic weight. Thus a gram-atom of oxygen is 16 grams 
"f ox\ gen and a gram-atom of hydrogen is 1-008 grams of hydrogen, 
and so on. Similarly a “gram-molecule” is defined as the weight of a 
substance in grams numerically equal to its molecular weight, e.g. 32 
grams of oxygen, 2 016 grams of hydrogen and so on. According to 
Avogadro’s hypothesis every gram-atom or gram-molecule of°any 
substance, element or compound, contains the same number of atoms 
or molecules. This number N is what is called the Avogadro’s 
number, the same for all substances. The total number of atoms in 
1-008 grams of hydrogen will be equal to the total number of mole¬ 
cules in 2 016 grams of hydrogen, or in 18 016 grams of water (H.O). 
Its value can be deduced from the kinetic theory of gases and experi¬ 
mentally determined from measurements on Brownian movement 
and is 6 x 10 23 approximately. 


Let us calculate the value of N for hydrogen using data from 
electrolysis and assuming that the charge on the hydrogen ion is 
< f ]ual to the charge on the electron. 

We know that 1 gram of hydrogen carries 9573 c.m.u. of charge, 
electrolysis^ of charge ^berates 0 0001044 gram of hydrogen in 

Since the atomic weight of hydrogen is 1-008, a gram-atom of 
hydrogen carries 9573 x 1-008 or 9650 e.m.u. of charge. Since we 
have assumed that the charge on the hydrogen ion is numerically 
equal to that on the electron, the number of atoms in a gram-atom of 

(1-6 TlO-*) =**0^1° w£° « L n T ber N f " r h > rdrogen = » 650 / 

i, i v, . ' , ® ^ » which is in good agreement with the 

value obtained from the study of Brownian motion which is less 

"If dae to experimental difficulties. Hence our assumption 

T, 1 .™. cha l rge °1 the hydrogen ion in electrolysis is equal to the 

rate value 18 n °* ° n ^ correc t, but also leads to a more accu- 


be mol f cu ! es , ln . 7 f c - of hydrogen at N.T.P. can likewise 

nf ih, ot d fr °“. ele l Cfcr ? 1 y 81s data on the assumption of the equality 
of the charges on the hydrogen ion and on the electron. 

at N lY 16 ? 1 -! 6 ' 3 ,, 1 e.m.u. of charge liberates 1-16 c.c. of hydrogen 

N T P * ~9.n -mil k it num her of molecules in 1 c.c. of hydrogen at 
d-irj’ 1 the number of atoms in the same volume ofhy- 

or c har*ge?t N T p e nUm f t of hydrogen atoms liberated by 1 e.m.u. 
ox cnarge at JN. L.P. is equal to 2-32 n. 
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If e is charge on a hydrogen ion which is assumed to be equal 
to the electronic charge, 

2*32 ne = 1 

Substituting the value of e, 

1 

n — 2-32 x 1-6 x 

which agrees closely with the value deduced from the kinetic theory 
of gases. Hence our assumption about the charge on the hydrogen 
ion is again proved to be true. 

From Avogadro’s law n is the same for any gas at N.T.P. Hence 
its value can be calculated also from observations of velocity and 
diffusion of ions in gases, which lead to a value of 0*41 for ne. Putting 

e = 1*6 x 10 " 20 
_ 0*41 

n — HTxflTF 2 ® 

= 2*6 x 10 19 (nearly). 

This shows that the charge on any gaseous ion is the same as the 
charge on the electron. 

Charge on the oL-particle. Rutherford and Geiger measuring the 
positive charge 2e of a-particles emitted by radioactive substances 
obtained the value for e as 1*55 x 10' 20 e.m.u. Regener by the 
same method got 1*6 x 10~ 20 e.m.ul From all these considerations we 
are forced to conclude that the charge carried by the cathode ray par¬ 
ticle, the hydrogen ion in electrolysis, the gaseous ion and the ele¬ 
mentary charge on the nucleus is the same, being the ultimate unit 
or atom of electricity. 

The mass of the electron. The mass m of the electron is 
found by combining the measured values of e and e/m. 

e = 1*76 x 10 7 e.m.u. 

Til 

e = 1*6 x 10" 20 e.m.u. 


A 


or n = 


2-32 e 


1 f\ -Oft 


2-7 x 10 19 (nearly) 



vi 



1-6 x 10' 20 
1-76 x 10 7 


= 9 - l x 10' 28 gm. 


The mass of tlie hydrogen atom M can be obtained from the 
atomic weight of hydrogen and Avogadro’s number N. 



1008 

6 03 x 10 28 


1-67 x 10-« gm. 


Comparing the masses of the electron and hydrogen atom 
M/to = (107 x 10 -24 ) / (9-1 x 10' 2S ) = 1835. Thus we° S eo that 
the electron is 1835 times lighter than the lightest hydrogen atom It 
may be noted that the mass of the electron, according to the theory 
of Relativity is a variable quantity dependent on its velocity increas- 
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ing with the velocity, expressed by the relation 
where m 0 is the mass of the electron 
increased mass when it moves 
of light. From this relatio 
is inappreciable except for high velocities 


when it is ; 
a velocity v and c 
n, it is readily seen that the ino 

comparable \ 

light. The variation of mass of the electron with its vel 
high values of the latter, has been remarkably confirme< 
meats conducted on high-speed electrons ((3-particles i 
by Kaufmann and Bucherer. ( Cf . chapter on Radioaet 

^ There are reasons to believe that the mass of i 

is purely electrical. J.J. Thomson considering the e 

uniformly charged sphere moving with a uniform ' 

straight line was able to show on the basis of the claf= 

magnetic theory that an electron possesses mass solely 1 
its electric charge. 

Let a small uniformly charged sphere O, of radius 
e move along the X-axis with a steady velocity v. 
city is not large , it may be 

assumed that the sphere car- Ay 

ries its Faraday tubes along T 7 
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The volume of this ring 


277 PN x rdd X dr 
2 t 7 r sin 6 x rdd X dr 


— 2 77 r 2 sin 0 t/0 . dr. 


The magnetic energy in this ling 


4 


e 2 v 2 sin 2 0 


8?t 

4 

T 


?• 


. 277 v~ sin 9 d$ . dr. 


e 2 t ,2 


r- 


• sin 3 0 . dr. 


Integrating the above quantity for all values of r, i.e. f from 
PN = a to oo and for all values of Q , i.e. t from 0 to 77 , we get the 
total magnetic energy due to the moving charged sphere. 


Total energy 


n: 




<> 

e 2 v 1 


4 
4 


4 

oo 


r 2 


e 2 v 2 



dr 


. sin 3 0 dd. dr 


sin 3 6 dd 


h: i: - 


e 2 v % x 


a 


X 


sin 0 (1 —cos 2 6) dO 
cos 2 0) d (cos 6) 


ft €r V 2 

4a 

ft e 2 t; 2 
4a 

ft e 2 v 2 


X 


cos 0 


cos 3 0 


3 


7T 


0 


✓ \ 


2 2/3 


2 A i2 


ft € 6 V 


4a 


X 


3a 


mm* 


(3) 

If 77Z- be the ordinary mechanical mass, the kinetic energy of 
motion is */2 mv 2 . Hence the total amount of energy possessed by 

the moving charged sphere = 1 / 2 mv 2 -f- P y2 


V* 


3a 

2 u e 2 . 

m + —5-• li>* 

3a 


w 

This is the same as if the ordinary mass m were increased by 
an amount 2^e 2 /3 a due to the presence of the charge. This part of 
the mass is known as the electromagnetic or electrical mass. “ 

, Thus W !, arri I e at * he important and interesting conclusion that 
the electron, the ultimate atom of electricity, has no mass in the 
material sense or that its mass is purely electrical. In other words. 

t0 “ ” aSS ° Te, ‘ ,h °" 8h “ ”»* •» «o»neC- 

This <‘electrical mass” has been derived on the assumption that 

the velocity is not large and the Faraday tubes retain their sym¬ 
metrical distribution when the charged sphere is in motion sLe the 
.forces due to electromagnetic induction are negligible ST this 



THE ELECTRON 


53 


assumption is not strictly true, for, as Heaviside has pointed out, when 
the velocity increases t^ ° high value, the Faraday tubes .under the 
influence of the inductive forces tend to crowd more and more in the 
equatorial plane YY', t.e M the plane at right angles to the direction of 
motipn. Taking this fact into account, Hr. Abraham has shown that 
the electrical mass increases with the velocity according to the relation : 

/ It . A A _ 


m 


~£~* 


m 




° / l±i 2 w 1 + p 

23 g i - a 


where m 0 is the mass oi the electron at rest, m its mass \vhcn it is 
moving with a high velocity v and (5 = v/c, (c being the velocity of 
light). More recently it has been shown that, acoor •ding to the 
® of Relativity, thewass of any moving body is not independent 
OJ velocity, but increases with velocity governed by the relation : 

m = m 0 j (1 — i 

Thus the dependence of mass upon velocity in the case of electron 
is only a special case of a universal principle applicable to all matter. 

Radius of the electron . On the assumption that the whole 

mass of the electron is electrical, the radius of the electron can be 
estimated as follows ; 


m — 



or a 


Pe 


3a 

Taking u= 1 for air, e = 1-6 x 10' 2 ® e.m.u. and m 

2 X 1 x (1-6 x 10' 2 ®) 2 


91 x 10" 28 gram 


a = 


-1S75 x 10-i 8 cm. 


3 x 91 x 10' 28 

°/ the el f ctron is > therefore, extremely small compared 

must it °u any ele, ? ent whioh « of the order of 10' 8 cm. It 
fs a s^L , d ’ u° WeVer> t , hat the classical conception of the electron 

"modern f fixed radius , is not warranted by the 

see later tv, n \ ° . re . nd thought, according to which as we shall 
to micro’s " Ca f ,Ca e ^ ec t r °magnetic theory is no longer applicable 

microscopic eTectrot 10 SyStCm &nd therefoTe much less to the ultra- 

reducedto el ®P tron > , the universal constituent of all matter, is 
a further v#-t* electricity without any material foundation, 

is comnowA J J 1 } eres ting question may be asked whether all matter 
of the champ U l Te ¥. °[ etecfoic charges and has no mass other than that 
scientists ? ° f 18 d ^ Thomson and a few other 

ariiuine that in *u ineC ^ answei 9 ues tion in the affirmative, 
be electrical 1 r Ce +u Cr ° canno ^ ^° kinds of mass, all mass must 

Juass is mass nf ^ ?f' se > acc ording to the classical theory, all 
kinetic ener<U r ^ a11 uiomentum is momentum of ether and all 

Bation seems 5 however ° ° f eth<3r ‘ Such a swet; P in - generali- 
nioment a<* it i * 7° r ' ,^° . premature and untenable for the 

to the theory oTlL^Lufy “u“ y ?. iffi . c ’ ,l . tius -. Besides, according 
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which, by its very nature, is bound to be obscure. We shall, there¬ 
fore, be within safe limits when we admit that not every mass but 
only that of the electron is electrical, or more precisely that electro¬ 
magnetic energy i3 equivalent to a mass in conformity with Einstein s 
mass-energy relation of the theory of Relativity. 

THE ELECTRON THEORY 

Although the suggestion that all matter may be entirely electri¬ 
cal in structure may not be admitted at the actual hour, yet it is 
certain that electrons enter into the constitution of every kind of 
matter. The recognition of this fact has made possible the explana¬ 
tion of many of the physical properties of matter on the basis of a 
single concept, known as the electron theory . As a matter of fact, 
this theory has been applied, with a certain amount of success, in the 
interpretation of a number of physical phenomena, such as retraction 
and dispersion of light, thermal conductivity, electric conduction in 
metals, thermo-electric effects, magnetic properties of substances, 
the magneto-optical Zeeman effect, etc. We shall here consider some 
of these phenomena which may serve to illustrate how the electron 
theory has been made use of in the understanding of diverse 
experimental facts. 

ELECTRICAL CONDUCTION IN METALS 

We know that metals are good conductors of electricity and 
the steady flow of current in a metallic conductor is governed by 
Ohm’s law : R = E/I. This law expresses chiefly the fact that the 
resistance of the conductor R is a constant which is independent of 
the current strength I. This resistance of the conductor is a specific 
property of the material of the conductor that opposes the flow of 
electricity, varying from metal to metal and with temperature. The 
second very well-known fact about current in conductors is the 
heating effect governed by Joule’s law H = I 2 R£/J, which states that 
the heat produced is proportional to the square of the current strength 
I, to the resistance R and to the time t for which the current flows. 

The classical electron theory was first suggested by Riecke 
and then more explicitly stated by Drude to account for these experi¬ 
mental facts concerning the flow of electricity in metallic conductors. 

The following assumptions are made :— 

( 

(a) In conductors there is a large number of free electrons, 
actually separated from the atoms and hence capable of moving freely 
in the inter-atomic spaces, whereas in insulators the electrons are 
bound to the atoms so that they cannot move freely except for a small 
strained displacement about an equilibrium position. This idea was 
first suggested by the fact that the passage of electric current in 
metals is not accompanied by a transport of matter as in the case 
of electrolytes. When, therefore, the electron, the ultimate and non¬ 
material constituent of electricity was discovered, it was natural to 
identify it with the carrier of electricity in metals. Further the easy 
separation of free electrons from the rest of matter was proved by 
thermionic and photoelectric effects. 
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( 6 ) The second assumption is to treat these free electrons, with 

certain restrictions, in accordance with the principles of the kinetic 

t e ^ r J gases, considering them as performing random motion 

wit the Maxwellian distribution of velocities, so that their mean 

me tic energy is equal to that of the gas molecules at the same 

^emperature. The positive ions in the metal, on the contrary, occupy 
nxed positions. 


* Thirdly, the conduction phenomenon, thermal and electrical, 

electrons *** assumed be effected solely by the motion of the free 

In the absence of an electric field, the free electrons movo about 
ar ^ d directions in the interior of the conductor intem- 
+ + . ^ re librium with it ; i.e., their mean kinetic energy is equal 

fialrl K ? mcdecu ^ s °f the conductor. On establishing an electric 
p T) ^ wo points of the conductor by the application of a 

‘ j. ? ree electrons acquire an additional component motion 
thp „/ r< ! C opposite to that of the field, since 'the charge on 
;wr Ctr0n 13 negative * ' Weraust assume that the “conduction” 
scarp la++^ rC n °T Serious1 ^ impeded by the atoms and ions, of the 
and inn a 106 u *1 cases the effect of the forces of these atoms 

lv 1S p ™ babi y to deviate the electrons more or less. Eventual- 

morl moving electron might be held fast by an atom or 

motion^ an +k ^ b ^ l 411 * on ’ Another electron then continues the 
volumr U ° n the avera * e the number of free electrons per unit 
conductor ains . c ,° n 3 ^ an t* Thus the electric currents in a metallic 

direction of the^fiek^ a T| ® treai ? °{ elec trons moving in the negative 
accelerating + * d ; , Tbe velocit y component attained under the 
electron ° f u the fi 1 eld 1S aiwa ys lost after a certain time, the 

an ion or pIrp^ complete rest by combination with 

righr a n ff ll tn tT g 1 Suocessivel y deflected away until it is moving at 

the thermall° f the field * He ^ ce > ^ electrons, like 
path which is tlf 1 ated m olecules of a gas, must possess a mean free 
The opposition t a J^ ra g e distance travelled between two collisions. 

constitutes thp nK • 6 m . otlon ep electrons caused by collisions 
sutures the ohmic resistance. J 

derived from S +h^ °i uT c °Ui 9 ions the kinetic energy of the electrons 

direetionifin 1 apace * so tET? d ““ b »“ d -.•»« atom, over all 
partially into n /4 directe d energy is transformed at least 

heat. Thus bv thp° m +* ener f^*u sucb random kinetic energy is 

electrical ene^v S, ? ° f fixed iona «nd atoms a part of the 

were subjected^ to „ ra, f ^ eat . just as if the electrons 

motion in the electric fieVd l °m! , resi f tan ^ e opposing their directed 
energy which in no . , Obviously, the fraction of the electrical 

the elecTron 8 “in “r^ d mt ° hea . t will increase as the velocity of 

accounts for th« Km ? 86 ’ ™ €t> as ^ be ^ e ^d strength is increased. This 
3 tor the heating effect of current according to Joule’s law. 

certain mean ^veloeitu 1 the electrons finally attain a 

magnitude of this nnm oomponent in the field direction and the 

- mponent is proportional to the field strength. 
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This state is reached when the rate at which the kinetic energy is 
transformed into heat is just equal to the rate of supply of energy 
from the field. The larger the mean velocit} 7 component in the 
direction of the field the greater also is the transport of electricity 
through the conductor, t.e., the greater the current strength. The 
current density, t.e., the current strength per unit area normal to the 
current direction must depend not only upon the field strength but 
also upon the mean free path and the density of the electrons. These 
last two factors are specific constants for each conducting substance; 
ln combination they determine the specific conductivity a, the 
reciprocal of the specific resistance p of the conductor. 

We shall now proceed to treat the problem analytically so as 

to obtain a mathematical expression, wdiich represents the process 
described above. 


Let X be the electric intensity applied to the conductor, e the 
c arge on the electron, m the mass of the electron and v the velocity 
corresponding to the temperature equilibrium with the material of 
t e conductor, so that according to the principles of kinetic theory. 


i mv 2 = aT 


...( 1 ) 


where ot is a constant and T the absolute temperature. 

Assuming that after each collision with an atom or ion the 
electron starts afresh with the velocity v , it will, in time t that elapses 
betore the next collision, be subjected to the influence of the 
e cc nc . e d and hence to a force Xe, which will impart to it an 
acceleration a in the direction of the field, given by the relation 

Xe 

<* = — ...(2) 


m 


If Z be the mean free path of the electron then the time t between 
two consecutive collisions is given by 

l 


t = 


v 


The averse distance * travelled by the electron in the 
the field during the same time t is expressed by 

/Xe \ Z* 


...(3) 

direction of 


x 


Jot* 


* 


V 


m 


of the N fi°eTd! f V be the aVerage VClocity of the electron in the direction 


From equation 





Xev 2 l 
2aT 


Xe?i; 

4iT 


Ifn be the number of electrons per unit volume of the conductor and 

k _lv urrent strength per unit area normal 


to the current direction, then 


THERMAL CONDUCTIVITY 


57 


neV 


nXe 2 lv 

1aT 


... (4) 


e specific conductivity a may be defined as the quantity of electri- 
citj tiat flows in unit time per unit area of cross-section of the con- 
uctor per unit potential gradient and is given by the relation 

a ‘ *”■ * (®/^) • where ^ is the quantity of electricity that flows 
rough the total cross-section of conductor of area A in time t, 

under the potential gradient E/d, E being the P. 1 1 - 

laces separated by a distance d. 


between the 


* * 


CT — 


A . (E/d), t 

^A : q/A , = *’ the current density, and E/d = X, the field strength. 

we a — i/X. Substituting the value for i, 

ne 2 lv 



a — 


4aT 


t * » 


(5) 


Since the specific resistance p of the conductor is the reciprocal of 
the specific conductivity a, 

- 4aT 

^ ne-lv *** (^) 

(1 „ u Fr ° m 1 oc l u n at , lon ( 4 ) it; is seen that the current density i is depen- 
freeVa^h" th ° ^ ^ 8tren 6 th X > the electron density n and the mean 

f *" th ? e *P ressi on for conductivity a (equation 5) the only 
lactor hkely to vary greatly from one substance to another is n 

t J lat th \ gre , at differences in the conductivity of 

tons in them °" l ° tke di ff erences *'» the number of free elec 

™wA q Ai° n (6) Bh0WS that ihe resistance of the conductor is inde - 
f n ”^f °f current strength in accordance with Ohm’s law. Assum- 

rJillanre 0 ^ t< !, be inde P endent of temperature, the specific 

Dew'ar Jtr''* abs ° lute zer0 ‘ Researches conducted by 

tance whAA 1 ! 8 ° n , pUre mctals confirm the variation of resis¬ 
tance with temperature down to quite low temperatures. 

thermal conductivity 

Vities has bln A? n T ti0n bet " een electrical and thermal conducti- 

discovered that +1 n As early as 1853, Wiedmann and Franz 

conductTvItv at a b t? ° ° f tbe therraal conductivity to the electrical 

Lorentz showcd ^,1T 1 **?^ ‘ S a Constailt fl > r a ‘> metals. Later 

ature (Wiedmann and ^ Franz 'LwT 1 'The” el *°' thc absolirtei temper- 
us#tfT fr\ * , * tuW). J ne electron theory has been 

used to obtain an understanding of thi* l, w ^ -i * it 

electrons in the conductor t,° v! u • ’ y considcnn g tlio 

of the molecules of a aaf - b ° have ln a m ^ncr similar to that 

kinetic theorv as in the ’ t - e -- according to the principles of the 

ory, as in the case of electrical conduction. 
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Considering a metal rod AB, with A at a higher temperature 
than B, and assuming that the conduction of heat from A to B is 
done chiefly by the electrons in the metal, the electrons from A 
possess greater kinetic energy than those from B. fn a collision, 
since the energies tend to equalise, the A electrons will lose energy 
while the B electrons will gain energy. According to the kinetic 
theory, it can be further shown that the quantity of heat passing 
through a cross-section of the rod per unit area per sec. is given by : 



l . n l v , 


Wj-W 2 

d 


where Q is the quantity of heat flowing per sec. per unit area of 
cross-section of thickness d , n the number of electrons in unit 
volume, l the mean free-path, v the velocity with which an electron 
starts afresh after each collision, W 1 the mean kinetic energy of an 

electron on the hot side and W 2 that on the cold side of the cross- 
section considered. 


By the principle of equipartition of energy, 

W x — | mv x 2 = aTj and W 2 = 4 mv 2 2 — aT 2 , 

where v x and Vo are the velocities of the electron corresponding to the 
absolute temperatures T x and T 2 . 

— ... ( 1 ) 


Q = l . n l v . a . 


d 


Now, if ic be the thermal conductivity, 

T x - T 2 


Q = k . 


d 


... ( 2 ) 


Comparing (1) and (2), we get 

k = \ . n l v a 

Since the electrical conductivity is given bv 

A T 


G — 


n e 2 l v 


4 a T 


we see that 


(-B 


T 


- (3) 

Sho , WS ^at the rat i° k/a is independent of the 
nature of the metal, and is proportional to the absolute temperature 

T, in agreement with the law of Wiedmann and Franz. Substituting 
the known values of « and e the ratio can be calculated at any given 
emperaUire. Thus at 18 C, its value is found to be 6 95 x 10 10 . 

J 1 /““°” wit > temperature should be the same 

as the coefficient of expansion of a gas, viz., 1/273 = 0 0037 Ex- 

penments conducted by Jaeger and Diesselhorst on several pure 

metals confirm fairly well the predictions of the theory both Is 

regards the constancy of Jc/cT and its temperature coefficient 

The relation (3) is derived on the assumption that all the elec- 

wsasis s ft t? 
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viz., 8/9 instead of 4/3, which in consequence vitiates the above stated 
accord between theory and experiment. The proportionality between 
kja and T is, however, maintained. Hence the eled ron theory gives 
only a partial explanation of tiie processes considered. 

THERMOELECTRIC EFFECTS 


On the assumption that the electron density, i.e., the number 
of free electrons per unit volume varies from metal to metal, the 
electron theory is able to explain thermoelectric phenomena also, to 
a certain extent. 


Considering two different metals A and B in contact, let the 
electron density in A be greater than that in B, so that, according to 
the principles of the kinetic theory, the electronic pressure in A is 
greater than that in B. Due to this difference in electronic pressure 
electrons will diffuse from A to B. making A positive and B negat ive, 
and thereby creating a difference of potential at the junction 
of the two metals. This P.D. will tend to prevent further electrons 
passing from A to B ; when it reaches a certain value, a suite of 
equilibrium sets in, and the migration of electrons ceases completely. 
Thus we get a simple explanation of the P.D. created at the junction 
of two metals. It is to be noted that this natural P. D. is physically 
distinct from the so-called contact P.D. (Volta effect) of the two 
metals. We shall now apply this general conclusion to the two 
effects of thermoelectric phenomenon. 


Peltier effect comes into existence when an external P.D. is 
applied to the junction, so that a current flows, say from A to B. 
This means that there is a transfer of electrons from J3 to A. Since 
the electron density in A is assumed to be greater than that in B, 
the movement of electrons from B to A due to the passage of current 
involves work to be done against the difference in electronic pressure, 
and hence energy will be absorbed at the junction, which, in con¬ 
sequence, gets cooled. If the direction of the current is reversed, the 
electron moves from A to B, which makes energy available at the 
junction in the form of heat, i.e., the junction gets heated. 

An expression for the Peltier coefficient i r, defined as energy 
absorbed or liberated when unit charge passes through the junction, 
can be derived as follows : 


According to the kinetic theory, if there are n electrons per 

unit volume of a conductor, the corresponding electronic pressure p is 
given by : 



p = J nmv 2 , 

where m is the inass of an electron and t’ 2 its mean square v 

Since i mv* = aT, p = 2 WT ... (1) 

Again, since there arc n electrons per unit volume, each with charge 
?* the charge per unit volume is ne , so that the volume V correspond¬ 
ing to unit charge is given by V — l/ne ... (2) 

., A PPlying these general principles to the Peltier coefficient, sin.ee 
e work done when unit charge passes through the junction is equa 
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to that done by the electrons moving from higher to lower electronic 
pressures, 


f V * 

7t = f 

JVi 


p dV 


where V x and V 2 represent volumes corresponding to unit charge and 
are equal to l/7qe and l/n 2 e by relation (2), n L and n* being the 
electron densities in the two metals respectively. 


Substituting for p and n in terms of (1) and (2) 


7T 



O 


3 eV 


. aT . dV 


i XT cy 

'2 


aT dV 


V, 3 


V 


2 

3 


aT 

e 


log 


V 2 

V X 


Since 


V 2 


1 /n 2 e 


1 jn x e 


h 

n *i 


aT 


77 


3 



n 


n<> 


.. (3) 


This relation shows that the Peltier coefficient is directlv proportional 
to the absolute temperature, agreeing with the result obtained by 
the application of thermodynamics to the phenomenon. 

Thomson effect refers to the absorption or evolution of heat 
due to the passage of a current in a single unequally heated conduc- 

i c< ? m P 1 ^ ated on account of the variation of its 
metals - 9°PP er > silver, zinc, antimony and cad- 
Py. . are to . have a positive Thomson effect, since in these metals 
heat is evolved v hen a current flows from hot to cold side, while heat 

wTirof W f„w, he CU T] lt f l°' VS fr ? m cold to hot side. On the other 
hand, iron, cobalt, nickel, bismuth and platinum are said to have 

u - in tl “ m ' 

nd TMs‘“SSSlT’/S “» b l P ^Kltrom the hot to the cold 

pim." Trj?' of :[eTr ,ro " 5 £°“ cold to hoM " 

theory is nronortional 1 an e,ectron according to the kinetic 

ineory is proportional to the absolute temperature (i mv* — „ T\ thf* 

energy of the electrons moving towards hotter parts unde? Jhe 
influence of the current, will be inor^enri " 1TS> uuclei 

effect. But at the same time, due to the higher eWt nSe< ? Ueilt he(Uin 9 
the hotter end, since * oc T, electrons ' 

electron U .o»^ ta 2 L SjSe STff The 

gn.fr, «o that the s ig» .£ ft, T homsOT1 effecl “ 
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Introduction. In 1S45, Faraday made a very imp j i i 
r ery, viz that magnetism was a property which affected all 
>. In his experimental researches he found that the magnetic 
rties were not confined to a few elements, like iron, as was 
sed till then, but that all substances were magnetic to a greater 
js extent and could be divided into two main classes, jpara- 
>tic and dia-magnetic , according to their different behaviour in 
'netic field. The former, to which belonged several elements, 
, Ni, Co, Mn, Al, Mg, etc., was attracted by a magnet, and when 
suspended between the poles of a magnet tended to set itselj 
the field , while the latter, represented by Zn, Cd, Hg, Sb, Bi, 
tvas revelled bv a magnet, and when suspended m a field set 
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positive susceptibilitjr. K is termed also the volume susceptibility , 
since it refers to the whole volume of the body. Another quantity 
known as the mass or specific susceptibility , represented usually by 
the symbol X> and equal to K/p, where p is the density of the body, 
is more fundamental as a characteristic magnetic constant. The 
magnetic moment is equal to KH per unit volume or yll per unit 
mass. The susceptibilities of substances are measured under varying 
conditions of the magnetising field and temperature. The different 
methods used may be classified under the following three heads :— 

1. Faraday method consists in measuring the force on a 
given specimen placed in a suitable non-homogeneous magnetic field. 
This force, in a generalised form, is given by ° 


F x = K.r.H v , 

v ax 


X- m . H y . 


dx 


where F x is the force on the specimen in the X-direction, v its 
vohime, supposed to be small enough for the field to be uniform 
over it, m the mass of the specimen, the intensitv of the field 
in the Y-direction and dKJdx the field gradient in the X-direction. 
The non-homogeneous field with an axis of symmetry is obtained by 
inclining the pole-pieces of ao electromagnet. The force on the 
specimen is determined by supporting it from one end of a torsion 
beam and observing the displacement of the beam, or, if this is 
small, the twist of the torsion head required to bring back the 
specimen to the zero position. Since the assumptions involved in 
the expression for F x cannot be fully realised bv experimental con¬ 
ditions, and further, since it is very difficult to be sure that the field 
is determined at exactly the region occupied bv the specimen or 
that the field and its gradient are measured for the* same points, the 
weakness of the method for absolute determination of K is obvious ; 
but it is found most convenient for relative measurements, in spite 
oi the difficulties arising in connection with the constancv and 
reproducibility of the fields and the setting of the specimens 

+1 Cu J ie ma S n etic balance. Pierre Curie in 1895 employing 
the Faraday method carried out a series of researches which not only 




Curie magnetic Balance. 


succeeded in co-ordinating 
previous desultory results 
but also formed a sure ex¬ 
perimental basis for modern 
theories. The actual arrange¬ 
ment used by him, known as 
the Gurie magnetic balance , 
1 s ° w n diagram m at ically 
in Fig. 22. The substance 
under test is placed in a glass 
or porcelain bulb B, which is 
surrounded by an electrically 
heated oven O whose tem¬ 
perature is measured by a 
thermocouple C. The bulb 




MAGNETIC PROPERTIES OF MATERIALS 


B is fixed by means of a copper rod bent twice at right angles to 
one side of a special type of torsion balance which consists of a light 
beam R suspended by a fine torsion wire T. The other side of the 
beam carries a scale pan F on which weights are placed to secure 
baiance, a thin vane V to damp disturbing oscillations of the beam 
and a pointer P which moves over a scale S to measure the displace¬ 
ment. The non-homogeneous field, which acts on the specimen, is 
proeduced by an electromagnet MM with slightly inclined pole-pieces. 
The displacement of P is read with a good microscope to an accuracy 

of *001 mm. Then, with a knowledge of the elastic constant of the 

torsion wire, the force acting on the specimen due to the field can 
be determind. The magnetic field H y is measured by a fluxmeter, 
while dEyjdx is estimated by measuring its equivalent dH x /dy. 
The bulb containing the specimen is placed in the region where 
H w (dH y /d#) is a maximum, so that small errors in the adjustment of 
its position become of Jittle account. In spite of several practical 
difficulties, such as the placing of the bulb always in exactly the 
same position, the maintaining of uniform temperature in the oven, 
otc., the results obtained are found to be accurate upr to 1 to 3 per 
c ® nt * The arrangement lends itself to the study of substances in all 
the three states, solid, liquid and gas, as well as over a wide range of 

temperature, from 25°C to 1350°C. Water is used as a standard to 
check the working of the apparatus. 

In order to measure the susceptibility of a ny substance, the 
orces/j, / 2 and / 3 experienced by the bulb, first exhausted, next 
with air, and finally with the specimen are determined, [f v 
arm are the external and internal volumes of the bulb, K, Ko and 
the susceptibilities of the material of the bulb, air and specimen 

respectively, then 

fi = {(”i - ^)K, - p,K,} . H„ . dH * 


dx 


/a = {( r i — ^* 2 )Ki — ?qK 2 + v 2 K 2 } . H y 

fli {(^1 ^ 2)^1 ^ 1^2 . Hy 

In these relations v Y , tv f 9 /*, H 
and dEyjdx are known “and hence ’ K * 

A2 and K 3 can be evaluated. 


dx 

dE y 

dx 


2. Gouy method 

measuring the mechanical 
on a uniform cylinder of 
suspended vertically in 
that one end is in a 
magnetic field, while 

eihlH re lL 0 x n whcrethe field is negTi- 

bv ^ ^ orce experienced 

at riohf In ?° r a * on £ its axis, which is 

fiftlrl . an ^ . es to the direction of the 
nelcl, is given by 


consists in 
force acting 
the specimen 
such a way 
homogeneous 
the other 


K 


“ “M- 


- -S- - 


Fig. 23, Gouy method. 
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F = i (K t - K 2 ) AH 2 

where Kj and K 2 are susceptibilities of the specimen and medium 
respectively, A the cross-sectional area of the cylinder and H 
the strength of the magnetic field. The determination ofH is com¬ 
paratively simple, as there is usually a relatively large region in 
which the field is uniform. The force on the cylinder may be deter¬ 
mined by direct weighing, using a sensitive balance, or by support¬ 
ing the cylinder horizontally from a torsion arm. This method is 
also suitable for solids, liquids and gases, and is applicable for abso¬ 
lute measurements, though somewhat less convenient than the 
previous method for relative determinations. 

Quincke utilised the principle of the Gouy method in measur¬ 
ing the susceptibilit} r of liquids. Plis technique is known as the 

Quincke s capillary ascension method 
for liquids . A U-tube is employed, 
one limb of which is wide and the 
other of capillary bore (Fig. 24). The 
narrow limb passes between the pole- 
pieces of an electromagnet, while the 
wider limb is in a region where the 
field is negligible. The liquid under 
test is contained by the U-tube, with 
the meniscus in the capillary limb at 
a place where the field is uniform. 
Under the action of the field this 
meniscus rises or falls through a dis¬ 
tance h due to a pressure change P, or force per unit area, given by 
the relation : 



Fig. 24. Quincke's apparatus. 


hg p = P = F/A = \ (K — K„) H 2 , 

where K is the susceptibility of the liquid, K 0 that of the gas above 
it, p the density of the liquid. 


The usual precautions against sticking must be taken, as in 
surface tension experiments. The pressure change P can be deter¬ 
mined either by measuring h with a eathetometer or from the 
volume of the liquid which is added or removed from the wider limb 
in order to maintain the meniscus in the capillar3 T limb constant in 
position. The special advantages of this method are : (i) the pre¬ 
sence of dust particles, even of substances of high susceptibility, does 
not affect the results ; (it) no blank experiments have to be carried 
out to allow for the magnetic properties of the container. 


Bauer and Piccard (1920), Wills and Hector (1924) employed 
an elaborated Quincke’s apparatus for measuring the susceptibility of 
gases. Bufc Sone (1920) used the original Gouy method with certain 
improvements for measuring the susceptibility of gases His experi¬ 
mental arrangement consisted of a cylindrical glass tube divided into 

S > ^i pai ^ e ?i, t8 by a glass P artition - The tube was suspended 
SromUnl? ™ P ? rtition midway between the ^ole-pieces of an 

Thelower part of the tube is evacuated, while the 
pp r filled with the gas at high pressure. The suspension being 
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bifilar and attached to a special sensitive balance, the force on the 
tube was measured accurately and the susceptibility of the gas 
estimated. 

3. Rowland method, suited chiefly for solids, is based on 
another interesting principle, viz., measurement of the period of 
oscillation of the specimen vibrating freely in a magnetic field. If a - 
magnetic substance is suspended between the poles of a magnet, it 
tends to take up an equilibrium position. An elongated specimen, 
if paramagnetic, will set itself axially along OY, i.e. y parallel to the 
field ; if diamagnetic, equatorially along OX, i.e., perpendicular to 
the field (Fig. 25). If displaced from 
the equilibrium position, the speci¬ 
men will oscillate. It can be shown 
that if the amplitude is small, the 
oscillations will be simple harmonic 
find the period will be independent of 
the form of the specimen, depending 
only on its susceptibility and on the 
magnetic field 


Y 


Let H 0 be the intensity of the 
field at the central point O in 'the 
field between the poles of the magnet. 
Supposing that the field is symmetri¬ 
cal about OX and OY, the intensity 
at any point P of coordinates (x, y) f 
not too far from O taken as origin, 
can be represented by the relation ■ 

- ax 2 + by 
where a and b are factors depending on 





Fig. 25. Rowland method. 


H 2 = H q 2 


( 1 ) 


, /-w 1 m . - —o the variation of the field 

?j° n 8 0X ^ ld py The intensity at any point along OX will bo 
less than at O, while along OY greater than at O. 

When a diamagnetic specimen is suspended between the poles, 


it 


will set itself along OX. Let it be slightly displaced from its 


equilibrium position and allowed to oscillate and let d be its dis¬ 
placement at any intermediate stage. Considering an element of 

•r 81 t? S a ^. ce distant r from O and of volume dv, the restoring 
force F s acting on it along s is given by : 

dv.iS^) 

ds 


F = 


Since 


i K 
da ~ r 

F. = 


( 2 ) 


de 

! TV" dv 


K 


d (H 2 ) 


dO 


( 3 ) 


of r and 0, 


relation (1) and substituting for x and y in terms 


H 2 = H 0 a — a r 2 cos 2 0 + b r 2 sin 2 0 
d (H 2 ) = d {H 0 2 — a r 2 cos 2 6 + b r 2 sin 2 Q) 

= 0 + 2 ar 2 cos Q sin 0 dd + 2b r 2 sin 6 cos 6dQ 
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Since & is small, 

d (H 2 ) = 2a r 2 . $ . dQ + 26 r a . 6 . d6 

d (H 2 ) 

~~dd~ = 2 r* (a + b) $ 

Substituting this in relation (3) and putting $ = s/r 

Fj = i K . . 2 r 2 (a + b) 

= K . dv (a + 

If dm is the mass of the element, its acceleration is given by 

p- = K . A ^~ (a + b)s 

dm dm 

K , 

— — (a + b)s 

P 

= X (g ~j“ 6 ) 5 . 

Thus, the acceleration at the instant considered is proportional 
to the displacement 5 from the equilibrium position and, hence, the 
oscillation is simple harmonic. Further, it is independent of r, so 
that any arbitrary form of the specimen can be taken. 

If T is the period of oscillation, 

T = 2 t r/Vx(a + b) 

Since the substance is diamagnetic, 

X == — 47 t 2 /T 2 (a b) 

Similarly, for a paramagnetic, remembering that 6 is measured 
from OY, 

X = + 4tt 2 /T 2 (a + b). 

Hence if T, the period of oscillation, <z and 6 , the variation 

factors of the field along OX and OY are measured, X can be 
determined. 

Rowland used this method to determine the susceptibilities of 
bismuth and ealespar. 

A very careful investigation of the field is necessary and it is 
obvious that a number of elaborate corrections would have to be 

made if results of high accuracy were required. Hence the method 
has been patronised little. 


Results. The important results obtained by different experi¬ 
menters using the above methods may be summarised as follows : 


(1) Diamagnetism. In general, there is great prevalence of 
diamagnetism among elements and compounds. Elements, such 
as Cu and Ag, ■which are paramagnetic in the atomic state, form 
diamagnetic solids. Ferromagnetic elements, as Fe and Ni form 

“S* ■£*’ w T h , lch « e decidedly diamagnetic. Diamagnetism is 
arl Valu ® ° f the susceptibilities of diamagnetics 

which has rather a high vflue . with the exception of Bi, 


* * 
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In dealing with particular experimental results', it is convenient 
to consider substances, first in the quasi-independent ionic and 
atomic states, then in the more complex molecular and crystalline 
states and finally in the bulk solid state. 

. ? anic an <* atomic states. Concerning materials in definite 
tonic state accurate measurements of the susceptibilities of the alkali 
and alkali earth halides (like NaCI, MgCl) have been made by Joes 
and Ikenmeyer, both with solutions and solid salts. It is found that 
the susceptibility of the substance is the sum of the susceptibilities 
oi the two component ions. Thus, for instance, the gramme-mole¬ 
cular suceptibility of NaCI is found to be — 30-8 x 10“ fl while the 
gramme-ionic susceptibilities of Na+ and Cl* are —10*4 x 10-« and 

^ * res P^ ct * ve *y • As for substances in the free atomic 

w*n 0nat ^°S 1C inert gases mch a3 He > Ne > A, were investiga¬ 
tion ^ T ^ 8 a . nC * Sector, who verified thereby an important sugges- 

thTt f /T’ uu 8u . 8Ce P tibilit y of an inert gas should He between 
that of the neighbouring positively and negatively charged ions 

bother «• a , ” latio ” e f KC1 wiU “-«“■> V »L .„d ci- S™; 

both with 18 electrons, the as mo number a. in the atom of the inert 
meairrd ^ptiwS'am 1 : “ d K “ ths «>'•■ Now the 

16 9 x 10 * for K+, —18-0 x 10' 6 for A and —20 - 4 x 10" # for Cl". 

jj be u UOted that the susceptibility decreases with increase 

imnort^t Charg . e ' g lven th © same electronic configuration. A verv 
2^ conclusion that has been drawn for substances in pure 

t « T XZX b t& u Z a t ca S! Z: 

~p n .1hS“ n a d „ H oS. x SSSSZ % w 

the’™m‘™t"heInt'eSbmti‘s' ?“h C ‘“° d W “ h “*»>’«'« 

according to the t j le constituen t atoms, modified 

the molecule I > k" atoms are L b ^nnd together to form 

Kty.Zju the sum offhe ttomir h su r sceDtibil V® mol 1 ec “ 1 t r susce Ptibi- 

atoms. Thus damagnetic t susceDtiWlit C v ^emicai linkage between the 
throw a valuable side Hekt^2! rk ^measurements might often 
nature of chemical bond? Tt k f™ Cturo of molecules and on the 

BusceptibiHty^L^U^on^t b t e k n f ° Und that . the 

c%Uar susceptibility is constant ° P ressure » while the mole- 

McI^nM^aLd n ^hen t have 8 mea a8 ^ > ^ land and Jacques, Nusbaum, 
netic crystals and found thei^to S v^red the eusceptibiUties of diamag- 

Thus for Bi, X IT: l SZ& 

- 113 x 10"« and in „ parallel to the principal axes is 

a perpendicular direction — 1-32 x 10*« 
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Corresponding values for Sb are — 0-497 x 10" 8 and —1-38 x 10'® 
respectively. 

Solid state. The diamagnetic susceptibilities of solid elements, 
which have been carefully investigated by Honda and Owen, present 
very complicated characteristics, governed by no simple laws, unlike 
in the case of ions and atoms. The main experimental findings are : 
(i) Although the susceptibility of many diamagnetic elements is 
independent of the magnetising field , it varies considerably with the 
temperature . A typical example is Bi, whose high susceptibility 

= _293 x 10 -6 ) does not vary with the field strength (in the 

range 1600 to 10,000 oersted), but decreases linearly with tempera¬ 
ture up to the melting point (273°C) ; at the melting point, the 
susceptibility diminishes abruptly to about —8 x 10'® and then 
remains constant, (ii) In the families of diamagnetic elements the 
atomic susceptibilities increases with atomic number, (m) By 
plotting the ratio of the susceptibility to the atomic number (X/Z) 
against the atomic number (Z) a graph is obtained which exhibits 
a well marked periodicity. There will, of course, be gaps corres¬ 
ponding to para- and ferro-magnetic elements, which separate the 
diamagnetic elements into discontinuous groups ; but the close rela¬ 
tionship between elements in the same column of the periodic table 
is clearly brought out. x 

(2) Paramagnetism. The main conclusion obtained from the 
study of many paramagnetics, which include not only elements in 
the pure state, but also salts and oxides, is that the susceptibility is 
independent of the magnetising field , but varies inversely with the 
absolute temperature . This is usually expressed by the relation : 
^ — C/T, known as Curie*s law , where x is the mass susceptibility, 
T the absolute temperature of the substance and C the constant 
of proportionality, called the Curie constant. There exists also a 
more complicated law, known as the Curie-Weiss law , obeyed by 
several paramagnetics, chiefly in the liquid and solid states, repre¬ 
sented by the relation : X = C/(T— 9 ), where 6 is a certain critical 
temperature called the Curie point . 

In making a brief survey of the particular important results 
obtained we shall first consider paramagnetic gases, solutions and 
solids at ordinary temperatures and then deal with low-temperature 

investigations. 

Gases. Nearly all gases are diamagnetic, which is due to the 
fact that most stable molecules contain an even number of electrons 
and hence will naturally give rise to diamagnetism. The researches 
of Son6 have shown that of the various oxides of nitrogen, 
two alone viz., NO and NO 2 , which have unpaired electrons 
(15 and 23) are paramagnetic, while all the rest are diamagnetic. 
The only other gas with an odd number of electrons is chlorine 
dioxide, ClOa (33 electrons) anc it has been found to be paramag¬ 
netic when examined as a solution in carbon tetrachloride. 
Oxygen, with even number of electrons (16), is the only known 
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exception to the association of diamagnetism with even nuTn^er of 
electrons. Curie, Wills and Hector, Bauer and Piccard have 
gated oxygen very carefully over a wide range of temperatures an 
at high pressures. It is found to be paramagnetic, with a pretty 
high value for X = 108 x 10 " 6 . In the ordinary gaseous condition 
it obeys the Curie law while in a highly compressed and cooled state 
(100 atm. and 150° K) the Curie-Weiss law. The reason why oxygen 
is paramagnetic remains at present unsolved, It is of interest to 
note that ozone (0 3 ) is diamagnetic. 


Solutions. The paramagnetic solutions which have been fully 
investigated are those of the simple compounds (salts) of the ele¬ 
ments of the first transition group, viz., the sulphates and chlorides 
of Ni, Co, Fe, Mn, Cr, etc. The susceptibility of the positive metallic 
paramagnetic ions deduced from measurements on solutions (by 
correcting for the diamagnetism of water and of other ions present) 
generally follows the Curie law ; but, as Foex has shown, for very 
concentrated solutions, the Curie-Weiss law must be used, though no 
simple generalisation has yet been found as to the manner in which 
' he Curie-point depends on the concentration or on the nature of 
other ions present. Foex, in 1921, working on concentrated solutions 
of certain salts of iron and cobalt found the value of 8 as -(-13° 
and —17° respectively. 

Solids. A great deal of work has been done on solid para- 
magnetics, whose susceptibilities have been measured over wide 
ranges of temperature. In the case of great many solid salts 
examined, the Cure-Weiss law holds very closely over considerable 
ranges of temperature. But the value of 6 varies widely for different 
substances, positive in some cases and negative in others. 


As regards elements in the pure state, a very comprehensive 
investigation was made by Honda and Owen, who measured the 
susceptibilities of some 30 paramagnetic elements at temperatures 
ranging from that of liquid air to about 1200°C by the Curie magne¬ 
tic balance method. It was found that* while the susceptibility of 
some was approximately constant, ‘that of others increased with 
incroase of temperature. This anomaly may be due to the existence 
of free electrons in metals or to complex interchange of electrons 
between the atoms or even to a partial freeing of paramagnetic 
carriers from aggregates as the temperature rises. 

Low temperature results. Kamerlingh Onnes and his 
collaborators, investigating gadolinium sulphate down to liquid 
helium temperature (I*3°K.) found that this solid, obeyed Curie’s law * 
very closely—a surprising result, but very welcome from the point of 
view of theory, as we shall see below. The susceptibility of oxygen 
^ the liquid and solid states has been determined by Onnes and 
Perrier. Liquid oxygen examined between 60°K and 80°K is found 
to obey the Curie-Weiss law, the susceptibility being given by 
X = *315 / (T — 0). 8 is found to be negative and to increase with 

the concentration of oxygen. Solidification at about 57°K results 
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in a decrease in susceptibility and a large increase of 0 ; at 

3 ? r A a new allotropic modification is formed, whose susceptibility 
increases with decrease of temperature down to 13°K. Jackson has 
determined the susceptibility of the sulphates of iron, nickel and 
cobalt, both in powder form and as single crystals down to liquid- 
hydrogen temperature (14°K). While all these substances follow the 
Curie-Weiss law at relatively high temperatures, they deviate at low 
temperatures in such a way as to indicate ‘cryomagnetic anomalies’.. 

(3) Ferromagnetism • Ferromagnetics exhibit a wide range 
of phenomena s which have been extensively investigated, not only 

on account of their intrinsic scientific interest, but also due to their 
practical importance. 

Ferromagnetics are qualitatively distinguished from other sub¬ 
stances by the following special properties : (a) They acquire a re¬ 
latively high magnetisation in weak fields. Thus, for instance, in a 
field of 10 gauss, the specific intensity of magnetisation of antimony 
(diamagnetic) is about — 0*8 x 10"®, and of cobalt sulphate (para¬ 
magnetic) about 0 6 x 10~ 3 , while for soft iron it is about 200. 
(o) They do not exhibit a linear proportionality between the magnetisa¬ 
tion and the field strength. This means that their susceptibility K. is 
not constant, but varies with the field, so that the magnetic proper¬ 
ties of a ferromagnetic cannot be specified in a simple manner as in 
the case of dia- and para-magnetics, (c) Their magnetism , moreover , 
is not a unique function of the field strength , but depends also on the 
fields to which they have been subjected previously. If the field is 
varied cyclically, the well-known hysteresis curve is obtained, (d) 

They can exist in a permanently magnetised state even when there is no 
external field (residual magnetism). 

But the most important discovery about ferromagnetics is that 
they lose their special characteristics above a certain critical temperature 
and then behave as paramagnetics. Early investigations had shown 
that a piece of iron raised to a dull red-heat was not attracted by a 
magnet and that a magnet similarly heated lost the whole of its 
magnetism. Hence it followed that iron loses its special magnetic 
properties entirely, if its temperature is raised above a certain value. 
This magnetic critical temperature coincided with that at which 
various rapid changes in the material took place* e.g., changes in 
density, specific heat, electric conductivity, etc. Hopkins found the 
critical temperature for iron to be 780°C and for nickel 340°C. He 
also found that, below the critical temperature, the suscentibilitv 
increased with rising temperature in weak fields, but in strong SEZ 
the reverse was the case. 6 


•x- w rie and oth ® rs < extending the observations far beyond the 
critical temperature found that the susceptibility of ferromagnetics 

vaned both with the field and the .temperature, in a complicated 

- C °^’ ho . wever * be reduced to the case of paramagnetics, 
obeying Cune-Weiss law. Researches conducted at very low tem¬ 
peratures down to that of liquid air ( 87 °K) seem to indicate thathi 
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vvnen a piece oi iron or steel, 
initially unmagnetised, is subjected to a 
gradually increasing field, the magnetisa¬ 
tion first increases slowly (part OP of the 
curve), then more rapidly (PQ) and finally 
slowly approaches the saturation value 
(QR). For the initial part of the curve 
(OP) the susceptibility is approximately 

given by K = K 0 + 6H, K ft being the 
‘initial 
The 


susceptibility* and b a constant. 
susceptibility increases in the steep 
part of the curve (PQ) to a maximum 
and then decreases. Approximate satura- Fig 
tion is reached in lower fields, the higher 
the initial susceptibility. 

When the field is ^ 

of retracing its original path, „ „ uu 

varied cyclically between limits +H and H the 
curve is traced. If the : 
saturate the specimen, there 

is ^ lven ^ corresponding to the point when the field 

is reduced to zero. The ~ r 

dual magnetism is known 

repeated, a closed curve, 

over again, provided the 

but the initial path OPQR 

men is first complete 

magnetisation curvi 

probably due to the 

changes in the nroce 


gradually reduced, the magnetisation, instead 
follows another (RST'). If the field is 

so-called hysteresis 
maximum value of the field is sufficient to 
1 * B founij a residual magnetisation, known 

reverse field required to wipe out this resi- 
_ as coercivity, given by OT'. If the cycle be 
called the hysteresis loop is traced over and 
specimen has reached the steady cyclic state 
is never again retraced, unless the speci- 
emagnetised. This complex character of the 
of ferromagnetics in moderately strong fields is 

occurrence of both‘reversible* and ‘irreversible* 
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Ewing and Low, studying the variation of magnetisation in very 
strong fields going up to 16,000 gauss, by the so-called isthmus method. 



Prof. Kapitza 


found that the intensity of magne¬ 
tisation became very nearly con¬ 
stant at the upper limits of the 
field strength reached. More 
recently, Kapitza (1931) has been 
able to produce still stronger 
fields, of the order of 300,000 
gauss by an ingenious technique 
of short-circuiting an alternating 
current generator through the 
coil which produces the magnetis¬ 
ing field. Measuring the force 
acting on a small specimen in 
such short-lived but very high 
fields by means of a high fre¬ 
quency, damped, sensitive type 
of balance, he has been able to 
prove definitely that the magneti¬ 
sation of iron and nickel, after 
saturation, remains practically 
constant-up to fields of 280,000 
gauss. 


Magnetic properties of alloys. Many substances, such as 
silicon, manganese, tungsten, chromium, etc., in small quantities, 
profoundly modify the magnetic properties of steel. Thus chromium, 
tungsten or manganese up to 4% greatly increases the coercive forces, 
in some cases up to 40 or 50% ; hence tungsten-steel is largely used 
for permanent magnets, which have a retentivity of about 10,000 
gauss. Twelve per cent manganese renders steel almost non-magne- 
tic at low fields, e.g., Hadsfield’s manganese-steel which has a perme¬ 
ability of about 1*4 for all fields. Manganese itself is a very weak para¬ 
magnetic, but when fused in an electric furnace it passes into the 
ferromagnetic state and has marked coercive force, although it does 
not attain strong magnetisation. Other alloys of great technological 
value are : alnico (alloy of Al, Ni and Co) ; tinconal (Sn + Co + Ni 
+ Al) with which modem permanent magnets, having a coereivity 
of 550 and a retentivity of 120,000 gauss, are built; ferro-cobalt whose 
saturation intensity is greater than that of either of its constituents 
making it most suitable for the pole-pieces of powerful electro¬ 
magnets ; ferro- nickel permalloy , which is almost saturated in the 
earth s magnetic field and has an enormously high initial permea¬ 
bility, hence very suitable for cores of communication cables. 

Heusleralloys. Heusler, in 1898, discovered that ferromagnetic 
alloys could be formed from non-ferromagnetic substances, and since 
then, these alloys have been widely investigated. Alloys of manira- 
nese aiummmm and copper and of manganese, aluminium and ziic, 
xhibit marked magnetic properties, almost equivalent to cast iron. 
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Aluminium gives tlie most magnetisable alloys, the saturation inten¬ 
sity being a maximum for about 13% Al. In these Heusler alloys it 
seems that manganese, and perhaps even copper, (which are neigh¬ 
bours of the ferromagnetic elements), must be present. It has been 
suggested that manganese, a normally weak paramagnetic, is really 
a ferromagnetic having a critical temperature below the ordinary 
room temperature, and that the effect of combining < ! ; 1 * ; 1 

suitable substances is to raise its critical temperature so that the 
alloy becomes ferromagnetic at ordinary temperatures. 

Magneto-striction . Of the several magneto-mechanical 
effects, the phenomenon of the change in dimensions accompanying 
magnetisation, known as magneto‘Strict ion , is of some importance. 
Early investigations of this effect did not throw much light on the 
nature of the magnetisation process, due to the fact that in most ex¬ 
periments the ordinary ferromagnetic specimens used were aggregates 
of microcrystals, having an ill-defined and varying structure. But 
researches made with single crystals of iron by Webster in 1925 and 
of nickel by Honda and Kaya in 1920 have furnished more definite 
information. The results of" Webster for an iron crystal of the cubic 
type are shown in Fig. 27, obtained by plotting the elongation against 
the * intensity of magnetisation. It is usual to distinguish three 
planes or axes in a crystal, represented by the Miller indices (1, 0, 0) 
(1, 1,0) and (1, 1, 1), An iron crystal is found to be most easily 
magnetised along the 
(1,0,0) axis, less along I 


1200 1600 

fntemtfii 


variety of effects observed with .different ferromagnetics 
irt magnetostriction cannot be due to the purely magnetic 
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torive^a U m^itT, agnetiS f ti0n '. F ° wler and Ka P itza have been able 

right direction * the basis of Heisen 
oerg s quantum mechanical theory of ferromagnetism. 

• Magneto-thermal effects. Three points have been studied 
und^eSed c^ditSns i!™* 1 ^ by ^“^tics 

45°C S I TA 1 S a c J T and shar P'- v defied Curie point of 
decreased d r^ ? di he heat rose to a shar P maximum and then 

the chan^e^ , ke and He ^ ler allo y> however, have shown that 

p e mt“i e b o»r.he S ^i S „" dde ° bM Spr “ d °™ r * “”*« of «»■»• 

of f*J;ilJ!t agnet 0 u Caloric e ft ect refers t0 a reversible adiabatic change 
ferromagnetic 6 W We° s “ Md“ FoeT W° f" dd ^ *PP Iied *» » 

pmSSSf’of a* ? b “'“ d a ralat,on for th “ * dl *'»«o chenge of tem. 


aT 


s 


1 

p 


dl 

dT 


aH, 


Sr t Ti, iS th i! °K ng ! 1x1 tem P era tare due to a change aH in the 
S T t h absolute temperature of the specimen, S and o the 

should be greatest at the Curie-point, where dl/dT if S S 

^ect is not to be confused with the temperature chafje associated 
with hysteresis, which is irreversible When +V»a *f ssociatea 

«»«o. m no. the 

with the square of the intensity. ® creases linearly 

(*) Therm-electric effect. Dorfmann and Jaanus have investi¬ 
gated the variation with temperature of the thermoelectric emf 
^ev^loped m a circuit made up of nickel and a non-ferromagnetic 
metal. Prom the variation in passing through the Curie-noint the 

wwXnScates that the° whole change in^cific h^t^fth 
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field was constant. This effect is connected with the reversible part 
of ferromagnetic magnetisation. 

Theoretical investigations* Our knowledge of the intrinsic 
nature of magnetism has developed step by step by attempts ma e 
to form cogent theoretical explanations of the above stated experi¬ 
mental data. As in other branches of Physics, here also the theories 
proposed keep pace with the progressive elucidation of t e m i*^ a 
structure of matter. At this stage, we shall limit ourselves to ose 
interpretations which are based on the classical electron t eory, 
postponing further refinements to be dealt vith in th< u appmpii 

places. 

Lange v in’s theory of diamagnetism. The atom, the ulti¬ 
mate representative of the chemical element, contains electrons 
revolving in complicated orbits. Since a revolving electron is equi¬ 
valent to an electric current, and as molecules are built up with 
atoms, the existence of intrinsic molecular cuirents, postulated by 
Weber, is readily understood. Further, since a current flowing in a 
closed circuit is equivalent to a magnetic shell, magnetic phenomena 
can be explained on the basis of the revolving electrons. Most 
atoms include several electrons and the orbits of these may be so 
directed that the atom as a whole may possess a resultant magnetic 
moment on account of a lack of symmetry and consequent want of 
balancing of the orbits. This gives rise to paramagnetic substances, 
whose atoms or molecules are assumed to possess a permanent mag¬ 
netic moment. When a magnetic field is applied to such substances, 
the atoms would be rotated into the direction of the field, which 
causes an increase in the magnetic induction. 

If, on the other hand, the electronic orbits are so oriented that 
the atom as a whole has no resultant magnetic moment, an applied 
magnetic field will have naturally no directive rotating action upon 
the atom ; but it will still have some effect owing to its influence on 
the electronic orbits themselves, which will produce an induced 
magnetic moment in a direction opposite to the field, and hence 
tend to decrease the magnetic induction. Substances formed by 
such atoms or molecules are diamagnetic. 

On such a basis Langevin, in 1905, was able to give a quanti¬ 
tative treatment of both dia- and para-magnetism. We shall first 
deal with diamagnetism. 

Considering a single electron moving in a circular orbit round 
the nucleus in the atom, let m be its mass, e its charge, r the radius 
of the orbit, v and to y the linear and angular velocities respectively. 
The revolving electron is kept in its circular orbit by the force of 
attraction F due to the central positive nucleus balanced against the 
centrifugal force. This gives 

F — mv % jr = rriLo^r 


• i# 


(i) 
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Let the intensity of the applied magnetic field be H, and, for 
the sake of simplicity, let its direction be assumed to be perpendi- 

to the plane of 



Fig. 28. 


the orbit (Fig. 28). The 
effect of this field on 
the revolving electron 
(which is equivalent to 
a current) is to subject 
the latter to a force 
equal to He?; acting 
along the radius, its 
direction depending on 
both the direction of the 
field and the sense of rotation of the electron. With the field 
directed as shown in fig., if the electron in moving in the clockwise 
direction (Fig. 28 a), applying Fleming's left hand rule, the force 
Hev will be directed outwards , while, if the electron moves in the 
anticlockwise direction (Fig. 28 b ) the force He?; will act inwards. 

Prof. Larmor has shown that the effect of the applied field is a 
processional motion of the orbit without any change in its form. 
Such a motion, known as Larmor precession y 
gives rise to a change in the angular 
velocity. 

If Sa> is the change in the angular 
velocity, the condition of stable motion in 
the same orbit, assuming clockwise motion 
for the electron, gives the relation : 

F — Hev — m (o> + $a>) 2 r ... (2) 

Since F = moo 2 r and v = cor 
m co 2 r — FLecor — max 2 r -f- 2moo 8m r, 
neglecting the term involving (5a>)* on the 
supposition that is small compared with 


CO. 


Sco 


H e 
2m 



* • * 


( 3 ) 


Prof. Larmor 


The negative sign indicates that the change m angular velocity 

due to Larmor precession acts in a sense opposite to that of the 
electron. 

This change in angular velocity gives rise to a change in the 
magnetic moment , which may be derived thus : 

A. charge e revolving m a circle at the rate of n revolutions per 

see. is equivalent to a current » e. If a is the area of the circle, the 

magnetic moment of the electron orbit is n e a, by Ampere’s 

theorem. Since n = a>/2w is directly proportional to <a, the change 

m the magnetic moment ep due to a change S<o in angular velocity 
is given by : . ■ 

df* = e , a . 8n = e . a . (8m/2ir) 

= € . (irf 2 ) , ( — He/47rm) 
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H e 2 r 2 

4 Tfi 



The sense of this change of magnetic moment is always opposite 
to that of the field , whether the electron moves in the clockwise or 
anticlockwise direction. This is so, because reversing the direction 
of the motion of the electron in its orbit, also reverses the direction 
of the Laplace force acting on it. This brings out the intrinsic nature 
of diamagnetism, viz., that it is an induced effect always opjiosed to 

the inducing field. 

An expression for the diamagnetic susceptibility may now be 
deduced as follows : 

In an atom of atomic number Z, there are Z electrons and, 
therefore, Z orbits to consider. The change of magnetic moment lor 
the atom is equal to Z times the value obtained for a single electron, 
given in (4). But, since all the electrons may not rotate in the same 
circular orbit, in summing up their ellects it ill be 
replace r 2 by a suitable mean value R 2 . Further the orbits may not 
all be perpendicular to the direction of field but inclined at different 
angles to it. Supposing that the orbits have all possible orientations 
with respect to the field and taking into account the spherical sy m- 
metry of the diamagnetic atom, it can be shown that R 2 must be 

replaced by (2/3) R 2 . 

Hence the total magnetic moment of the atom is given by . 

^ ZHe 2 2_J_ ZHe 2 R 2 

SdAt — 4m x 3 6 m 


And the magnetic moment per gram-atom 



1 NZHe 2 R 2 
6~ m 


where N is the Avogadro’s number. 

The volume susceptibility K. of a diamagnetic substance can 
now be readily obtained : 

Since the intensity of magnetisation I is the magnetic moment 
per unit volume, 



1 NZHe 2 R 2 p 
6 m A 


where p is the density of the substance and A its atomic weight. 

I 1 P NZe 2 R 2 

>- 5LI12. i ■ — ■ * '■ 1 

H 


* * 


K = 




6 A m 

The mass susceptibility X, referring to unit mass, is given by : 

I IN Ze 2 R 2 

pH 




... (6) 


6 A m 

It is usually convenient to deal with atomic susceptibility X^., 
t.e., susceptibility which the substance would possess if one gram 
atom of it were contained in unit volume : 
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The theory outlined above applies strictly only to such systems, 
as atoms or ions in solution or solids, where one may treat the atoms 
or ions as independent—the so-called mono-nuclear systems. For 
molecules, i.e., systems with more than one centre of force, R 2 loses 
its simple significance. 

A scrutiny of the above relations leads to the following con¬ 
clusions :— 

(t) The expressions for susceptibilities (5, 6 and 7) are indepen¬ 
dent of temperature and of field strength , in agreement with the ex¬ 
perimental results obtained with substances in the ionic state as in 
the case of solutions of salts and in the free atomic state as for the 
inert gases. Since diamagnetism is an intra-atomic effect, it is reason¬ 
able to expect it to be independent of temperature. For, thermal 
agitation, interpreted as collisions of molecules or atoms as a whole, 
should not have any influence on events within the molecules or 
atoms. However, according to the quantum orbital model of the 
atom, at very high temperatures when the atom emits radiations, 
electronic jumps from one orbit to another take place and at such 
temperatures diamagnetism might be influenced by temperature. 
The independence of susceptibility from the field strength is seen 
from the fact that the intensity of induced magnetism I varies 
directly with the strength of the inducing field H, without however 
any limiting value, unlike paramagnetism which shows saturation. 

(ii) The intra-atomic nature of the phenomenon explains also 
the well-marked periodicity exhibited by graphs plotted with susceptibi¬ 
lity (X/Z) against the atomic number Z. It is but natural that the 

periodicity existing among the elements should be reflected in their 

diamagnetic susceptibilities. 

(m) The negative sign occurring in all the relations for dia¬ 
magnetic susceptibility show not only that this quantity has a 
negative value, but also that diamagnetism is an induced opposing 
effect, that disappears as soon as the field is removed (Su = 0 when 
H = 0). 

(iv) Since each one of the electron orbits in an atom.would 
acquire an additional induced moment opposed to the direction of 
the applied field, the moment of the atom as a whole would also be 
modified in the same sense, whether the initial resultant atomic 
moment is zero or not. This means that all substances should possess 
diamagnetic properties , though in the case of paramagnetic substances 
the paramagnetic orientation effect masks the diamagnetic induction 
effect which is always extremely small even in very strong fields 

The processofmagnetisation, in general, involves the superposition 

of the diamagnetic induction and paramagnetic orientation processes 
In paramagnetic substances the latter process is markedly prepon- 
dorant, while in diamagnetic substances the former predominates- 
This explams also why certain substances, though paramagnetic or 
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even ferromagnetic in the element state, form diamagnetic compounds , 
since the orbits which are unbalanced in the atomic state might well 
get balanced in the formation of the compound which has the elec¬ 
tron configuration of a rare gas. 


One might legitimately question oneself whether the diamag¬ 
netic effect found in all substances might be considered as an intrinsic 
property of substances . The answer is evidently in the negative. 
Diamagnetism is no special property of substances, but something 
induced temporarily by an external agent, while paramagnetism is to 
be considered as an intrinsic property of substances. 

(v) The expression (7) for atomic susceptibility readily lends 
itself as a means of testing the validity of the theory proposed : Re¬ 
writing the relation as 

Xa = — (1/6) • (e/m) . Z . Ne . R 2 , 

Ne is the charge of a gramme ion, hence equal to 9650 e.m.u. (as 
observed in electrolysis) ; e/m is the specific charge of the electron 
= 1*77 X 10 7 e.m.u. Substituting these values in the above relation, 
we get for the mean square of the radius of the atom : 




1 

1*77 x 10 7 x 9650 



= - 0*35 x 10’ 10 x (Xa/Z) 


Xa 

Z 


Making use of the susceptibilities of some elements, experimen¬ 
tally measured, we obtain : 


Element 

z 

Xa 

R 

He 

: 

2 ! 

— 1-9 x 10-® 

0*57 x 10“ 8 cm. 

N 

7 

— 6 0 x 10-« 

0*55 x 10“ 8 ,, j 

Cu 

29 

-- 18 x 10-« 

0*47 x 10~ 8 ,, 

Ag 

47 

- 31 x 10-« 

^---- 

0-48 X IQ'® „ 


The atomic radii calculated in this manner are of the same order 

i t* l 16 8 cm *) RS the values given by the kinetic 

theory. It has been found also that the value of R* is about the 

same lor elements in the same vertical column of the Periodic table, 
i * 10 , . noted > however, that the present method gives a rather 

* fin!°Z er Z C * 86 c on« d ered. This can be accounted for by 
,.!! that chiefly for atoms of high atomic number, like Cu, Ag, 
j’ ° orbits are situated deep in the interior of the atom 

wT a r • Va UG ? must necessarily bo smaller than the radius 
given by the kinetic theory. 
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The fair agreement between the theoretical predictions and 
experimental results thus show that the theory of diamagnetism 
based on the induction effect of the individual electron orbits under 
the influence of an applied magnetic field is essentially correct. But 
there are several points to be explained and many more experiment¬ 
al data are required. For instance, there are very few accurate 
measurements of the variation of susceptibility with changes of state 
and structure. 

Langevin’s theory of paramagnetism* Langevin also pro¬ 
posed a theoretical interpretation of paramagnetism on the basis of 
the kinetic theory and obtained quantitative relation for a paramag¬ 
netic gas, that could justify the experimental conclusion such as the 
Curie law. / 

The molecules of the paramagnetic gas are assumed to be small 
permanent magnets due to circulating electrons. In the absence of 
an external magnetic field, the magnetic axes of the molecules are 
uniformly distributed in all directions, so that the sum of the pro¬ 
jections of the elementary moments on any line of reference is zero. 
If, now, a magnetic field is applied, the molecules will tend to orient 
themselves with their magnetic axes in the direction of the field. 
This tendency will, howevet, be counteracted by the collisions of 
thermal motion between the molecules which will continually knock 
the axes out of line. As a result, there will be an equilibrium distri¬ 
bution of the axes with reference to the direction of the field, which 
can be determined with the help of the kinetic theory of gases as 
follows: 

The two kinetic theory principles that are used here are : (t) 
The number of molecules which have an orientation inclined at an 
angle 8 with a given line of reference is proportional to sin 8 d8* ( it ) 
On the basis of equipartition of energy, the number of molecules 

whose potential energy is W is proportional to e* w/AjT , where k is 
the molecular gas constant and T the absolute temperature. 

If n be the molecular magnetic moment, assumed to be the 
same for all the molecules, and H the uniform intensity of the applied 
field, the magnetic potential energy of each molecular magnet is 
given by — p- H cos 0, where 8 is the angle between the axis of the 
molecular magnet and the direction of the field. 

Considering unit volume of the gas, if dN out of the total num¬ 
ber N of the molecules in it have their magnetic axes inclined at 
the angle 8 with the field direction, then, applying the two principles 
of the kinetic theory stated above, we get 

dN = C . coa 0 /* T - sin 8 

where C is a constant. 

Replacing /*H/&T by a, 

dN = C . e° cos 6 . sin 8\d$ n\ 
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Since the possible orientations are contained between 0 and 7 r, 


N 


fit 


dN 


C . e“ 056 . sin 8 dO 


o 


To evaluate this integral, let cos $ 
With this new variable, 


x , so that sin 6 d$ 


( 2 ) 

dx . 


N =? f C . e** . (—dx) = f C . e am . dx 

J+i J -1 


C = 


N a 


9 * * 


( 3 ) 


(e° - e-‘) 

The intensity of magnetisation I, which is, by definition, the 
magnetic moment per unit volume, may be derived as follows : 

Since the resolved component of the magnetic moment of each 
one of the dN molecules in the field direction is p cos $, the resultant 
magnetic moment due to all the dN molecules in the field direction 
is /4 cos $. dN. Hence the total magnetic moment due to all the N 
molecules contained in unit volume, which is equal to I, is given by : 


0 

n 


ft cos 8 . dN 

ft cos 8. C . e"™ 0 . sin 9 dd 


... (4) 


» V 

To evaluate this integral, changing the variable as before, 


I — C p 




e®* . dx 


Integrating by parts, we get 

I = C fx {1/a . (e° e~ a ) — 1/a 2 . (e 

Substituting the value for C from (3), 

Na 


)} 


I = 


(e 


~a 





= /tN 


(e a + c-» 

(e® — e~ a 


(e« + C-«) _ -L (e a _ c -a)) 



— (coth a — 1/a) , 
coth a being a hyperbolic function. 

, represents the magnetic moment per unit volume when all 

e molecules are turned in the direction of the magnetising field ; 
nence it gives the saturation value of I. 

Representing it by I,, 

1 = 1, (coth a — 1/a) ... (5) 

The quantity I, is a constant, characteristic of the gas, and it 
always exceeds I. 

6 
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I/I, = (coth a — 1/a) = L(a), 

L(a) being known as the Langevin function. 

This relation can be graphically represented by means of a 
curve, known as the Langevtn curve . Taking different arbitrary 

values for a, the corresponding 
values of (coth a — I/a) = I/I, 
can be calculated. If the two 
are plotted against each other, 
a curve is obtained, which is of 
the form shown in Fig. 29. It 
is to be noted that (t) i/i, 
approaches unity as a appro¬ 
aches infinity and (it) the 
initial part of the curve (i.e. 
for small values of a) is sensibly 
linear and coincides with the 
tangent to the curve at the 
origin. This second character- 
istic of the curve is important 
from a practical point of view. For, a = pH/fcT is small means that 
is small compared with &T, which is usually the case, except at 
enormously high fields or very low temperatures. It would be there¬ 
fore sufficient to consider the initial part of the Langevin curve 
which corresponds to a small value of a for all practical purposes. 



When a is small, 
I = a 

T " IT 


An expression for 
obtained :— 



a 

/*H 


1/a) = a/3 and 


3kT 


... ( 6 ) 


the susceptibility may now be readily 


The volume susceptibility K = I/H. From (6), 

M p p 2 N 


K 




5 3kT 1 3kT 3&T 

The mass susceptibility x = K/p. If N m be the 
molecules in unit mass, the mass of one molecule is 
volume of 1 molecule is 1/N. Hence ** 

mass of a molecule 


... (7) 

number of 
I/N w ; the 


L - ■ i i — ■ 

volume of a molecule 
Making use of this value of p, 

K Kisr 


1/N, 

1/N 


N 
N 


m 


x = 


N/N 


N 


M 2 . N . N 

N . 3&T 


m 


M 2 . N 


m 


3lcT 


... ( 8 ) 


The molecular susceptibility, a useful quantity in discussing 
results, may be derived as follows J g 
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If Nm be the number of molecules in a gram-jnolecule (Avo- 
gadro’s number) the molecular susceptibility Xm is given by : 



(n , Nm) 2 _ ct 0 2 
3&.N M .T ” 3RT 



where a 0 = /i.Nm is the saturation value of the magnetic moment 
per gram-molecule and R = k. Nm is the gas constant per gram- 
molecule. It is to be noted that the same expression holds for 
atomic susceptibility, in which case 4 will be the atomic mafgnetic 
moment and Nm the number of atoms per gram atom. 


A little consideration of the above relations leads to the follow¬ 
ing results : — 


(i) Curie* 8 law. The expressions .......... ........ UUUC1 

different forms (eqns. 7, 8 and 9) are in complete accordance with 
Curie’s experimental law. The volume susceptibility K = C/T, 
where C is a constant replacing /x 2 N/ 3 & ; similarly the mass suscep¬ 
tibility X ~ C m /T where C m = u 2 N m /3 k is a constant ; likewise, the 
molecular susceptibility Xm = Cm/T, where Cm =<x 0 2 /3R = constant. 
The only condition to be satisfied is that a = f^H/kT should be 
small, which is readily secured when the extreme cases of very low 
temperatures and very intense fields are left out. 


(ii) Molecular magnetic moment . The quantity C M , known as 
the CWte’s molecular constant , can be utilised to determine <r 0 and 
hence y. for a paramagnetic substance, obeying Curie’s law : 


Taking the relation C M = ct 0 2 / 3 R, 

CT o = \/3 RCm 


* _ _ V^RCm 

t 1 ~ N m 

(tit) Classical nature of Langevin's theory. Langevin’s treatment 
of the problem was classical , since he assumed that all relative 
orientations of a molecular magnet and the applied field were permis¬ 
sible. In the development of his theory, we have seen that a is 

small under ordinary conditions. Now if a is small, is 

approximately equal to 1 + a cos 0 . Then, 

I=f C /a cos 6 (1 + a cos 0) . sin 6 <10 


and N = f C (1 + a cos 0) . sin 6 d6 
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hj: 


cos 0 sin 0 dO + 


°r 


cos*0 sin 0 d0 


N = C |J sin 0 dO + a J cos 0 sin 0 dO j 


••.C 


w: 


N 


sin $ dO 4- 


»i 


cos 0 sin 


in 0 ddX 


Substituting this value of C in the 


ion for I 


I SI 

ft . N 4®- 


sin 0 cos 0 dO + 


a J 7 ' cos* 


0 sin 0 dO 


sin 0 d0 o j 


sin 0 cos 0 d0 


j 

. N.o I 


cos 2 0 sin 0 d0 


sin 0 d0 


M • N . a . cos* 0 , 


where cos 2 0 replaces 


/: 


cos* 0 . sin 0 do 


y. “ 


sin 0 d0 t 


the bar denoting a spatial mean value. Since the term i 
ratio of the two integrals can be shown to be equal J, 


nvolving the 


cos* 0 


As ftN 


1 = 1,. (o/3) or I/I, = a/3, 

the same as equation (6). Hence when a continuous orientation is 

permitted, as in the classical theory, cos* 0 = J. The quantum 
theory, however, calls in question such a continuous distribution 
and dem ands on ly certain discrete orientations, leading to a different 
value for cos* 0, as we shall see later. 


(tv) Extensions of Langevin's theory, (a) Dilute soluti 
Although Langevin’s theory strictly applies to gases, it cat 
extended to dilute solutions of paramagnetic salts which exist 
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state analogous to that of gases, the ions, the carriers of the magnetic 
moments, moving about in the solvent independently of each other, 
as experimental observations show. 


(6) Very low temperatures. Only at temperatures near the 
absolute zero (attainable with liquid helium) will it be possible to 
experiment on the non-linear portion of the Langevin curve and test 
the theory. Unfortunately, at such low temperatures all para¬ 
magnetic substances pass into the solid state, in which the magnetic 
molecules are not free. All the same, the theory has been tested 
and confirmed by Kamerlingh Onnes for a solid substance, gado¬ 
linium sulphate. For temperatures between 1*3° and 20°K, the ratio 
of I/I, and the corresponding value of a — p-H/fcT for fields up to 
22,000 gauss were estimated. The values of I for the different tem¬ 
peratures were given by the experiment itself ; I, = a 0 was obtained 

from the Curie constant using the relation <r 0 = \/3 RCm. Knowing <r 0 
the value of /*, which was required in the expression for a t was readily 
found from the relation p, = o 0 /Nm. Plotting Ijl s as ordinate against 
a as abscissa, a curve was obtained, which coincided very well with 
the Langevin theoretical curve. 


This experimental verification of the theory at very low tem¬ 
peratures, chiefly in the case of a solid substance which could hardly 
be assimilated to that of a gas, is remarkable, since at very low tem¬ 
peratures the specific heat falls to very low values thereby indicating 
tha t the kinetic energy of thermal agitation becomes negligible ; all 
the same, the temperature seems to play an important role, according 
to the classical formula. Things seem to happen as if the quantum 
theory ordinarily postulated to explain the degeneracy of specific 
heats at low temperature can be ignored in the case of magnetic 
phenomena. It is, however, possible to introduce the quantum 
theory also, provided the number of quanta that take part in the 
oriontation of magnetic moment is sufficiently high. It is to be 
noted that gadolinium sulphate is the only substance in which this 
important result has been obtained so far, and hence more research is 
required before any definite conclusion can be drawn. 


( v ) Since paramagnetic effects must cease to be apparent when 
all the elementary magnets are co-directed, while diamagnetic effects 
epend directly upon the applied field strength up to the maximu 
values so far attainable, it is evident ‘ 1 ' ~ * *' ' * 1 ^ 

strengths, all para magnetics should 
transitions have been observed in the 
weak paramagnetics. 


nuiunguii up uu uno j *u um 

that at sufficiently high field 
become diamagnetic. Such 
case of alloys, which are very 


In spite of these successes, Lange vin*s theory could not explain 
a more complicated dependence upon temperature exhibited by 
several paramagnetics, such as highly compressed and cooled gases, 
very concentrated solutions of salts, solid salts and crystals, both single 
an in powder form. Experimental data, as we have seen, lead to 
e re ktion X = C/(T — 0) known as the Curie-Weiss law in these 
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cases. Nor did the simple theory of Langevin throw any light on the 
intimate relation observed between para- and ferro-magnetism. In 
an attempt to explain these points, Weiss in 1907, improved upon 
ngevin s treatment by the introduction of a new concept of ‘intf.T- 
Udl molecular field\ which we shall consider now. 

Weiss molecular field theory of paramagnetism. While 
Langevin considered an ideal gas, in which the mutual effect of the 
elementary magnets is negligible, so that the only opposing factor to 
the turning action of the external field is thermal agitation, Weiss 
assumed that, since in a real gas the molecules are mutually influenc¬ 
ed by their magnetic moments, there should exist within the gas a 
molecular field, produced at any point by all the molecules in the 
neighbourhood, proportional to and acting in the same sense as the 
intensity of magnetisation, If this internal molecular field be re¬ 
presented by H w , H m = pi, where p is a constant (molecular field 
confident) and I the intensity of magnetisation. Then the effective 
field may be regarded as the vector sum of the external annlied 
field H and the internal molecular field H w . PP 

H, = H + H w = H + pi 
With this new factor, the relation for I/I, becomes 

I __ mH, __ ft (H + pi) 

I, ~ 


( 1 ) 


3fcT 


UT 


Considering a gram-molecule of the substance, if p is the den¬ 
sity, M the molecular weight, a and <y 0 the gram molecular magnetic 
moment and its saturation value respectively, & 


M/p 


op 

M 


and J s == 


since I and I, refer to unit volume. 

J__5_M(H + 


ff oP 

M 


PI) 


f* o 0 3&T 

As ft> — where Nm is the Avogadro*s number 

ber of molecules in a gram-molecule, ’ 


t.e., num- 


c 0 (H + pi) 


a, 


3N„jfcT 



3RT 


a — 


3RT 


H + 


P(70 

~5T 


it# 


( 2 ) 


The molecular susceptibility is given by 


Xm 


H 


0 


3RT 


Xm . T = 


3R 



Pgp 

MH 


3RM 
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Z.M 


(T 


PP 


\ <s 

y — ~ (Curie molecular constant) 


where 


Xm = 


0 = 


c 


M 


T- 9 

g<rpp 

3RM 
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This is the Curie-Weiss law, and 6 the Curie point at which fer¬ 
romagnetics become pararaagnetics. as we shall see below. Accord¬ 
ing to this law, a paramagnetic substance, in which there is a mole¬ 
cular field, will have its susceptibility varying inversely as the excess 
o temperature, not from absolute zero as in the case of Curie*s law T , 
but from a certain critical temperature, the Curie point. 

Experimental confirmation of Weiss theory of para¬ 
magnetism. Many paramagnetic substances obey the Curie-Weiss 
aw predicted by theory, as already indicated. Experiments con- 
ucte by Kamerlingh Onnes on compressed oxygen are worthy of 
note here. Using highly compressed oxygen of density 015 at 
temperatures ranging between 147° and 249° K, he found that the 
expression Xm ( T + 5*4) = Cm is constant, having a value about 

ri 1 * S a ^ so va ^ ue °f Cm at ordinary pressure. This means 
tnat the Curie-Weiss law is verified experimentally and further that 

ine Uxrm.pomt is negative, f e., it lies at 5-4° below the absolute zero, 

H 1C ' vr" J^ rn > indicates that the molecular field involved is negative. 

ence ighly compressed oxygen opposes the turning action of the 
external field instead of helping it. 

Determination of the Curie-point . Eqn. (3) may be written as : 

_i_jr e 

Xm C m C m 

f’urip 1 ( Xn ? t nd .- T are plotted ’ if the substance obeys the simple 

If it VnpT’„ a . 8traight .l me Posing through the origin will be obtained. 
Weiss P r a8S thr ® u 8 h fche origin, it is evident that the Curie- 

Vointd 18 m f ° rCe and th ® inlercept on the T-axis gives the Curie- 

neoat.i™ 1 8t Pa raDaa gnetics B is small and may be positive or 
neSve'vJf "®f atlve * * he Curie-point is virtual, corresponding to a 

it cannot k! ° f i^j j d i* enC6 also of the “olecular field. If positive, 
netfc W C ° nCluded that the substance would become ferromag- 
1 /y u an j m #. 6n0Ug M ^mperatures, for the linear relation between 
From this J+ g6nera ^,f >rea ^ 8 dow> n as the Curie-point is approached, 
the best wKi<»L P J ar8 k ^ afc Car* 0 *Weiss law is an approximation at 

becomes' mr,. iverges more and more from the facts as the system 

decreasing . 6 an more degenerate, i.e., less and less classical, with 

mentel ^ mperatUre - There i8 aJat » another well-known experi- 

man y metals, chiefly the alkalis, have very small 

of temperaturol S t < K P t lb k lty, i wh , ich is ^ urthe r practically independent 
of explaining k** 16 c . lassica l Curie-Weiss law is quite incapable 

g. r&uk has given a satisfactory interpretation of this 
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anomaly on the assumption that the magnetic properties are due to 
free electrons in the metal, obeying a new quantum statistics. 

# Weiss theory of ferromagnetism* In order to explain the 
relation that exists between para- and ferro-magnetism, as well as to 
account for the special properties of ferro-magnetism, Weiss next 
refined his molecular field theory by the introduction of an additional 
idea of “domains” of molecules. For these domains exactly the same 
assumption is made as for paramagnetics, given by the relation 
H e = H + pi. But when the molecular field coefficient p is positive 
the possibility of spontaneous magnetisaiion of these domains arises, 
even in the absence of an external magnetic field. The value of such 
a spontaneous magnetisation due to the internal molecular field may 
be found by extrapolating the external field H to zero in the above 

relation. This, in turn, will determine also the condition for spon¬ 
taneous magnetisation. 

. Considering a gram-molecule of the substance of molecular 
weight M and density p, let a be the gram-molecular magnetic mo¬ 
ment and o 0 its saturation value. 

Since the domains are assumed to obey the general theory of 
paramagnetism. 


coth a 


...( 1 ) 


..( 2 ) 


10 


where a = p H,/&T. 

When the external field is zero, H, = pi = p<rp/M 

a = ~^ ap — q oP g P _ «o 

*TM Nm ATM ~ RTM 
This may be rewritten as : 

_a_ _ RTM 

«o “ o 0 *p p ’ a ...(2) 

Thus we obtain two simultaneous equations ( 1 ) and (21 which 

etermine the condition of spontaneous magnetisation. Considering 

the curves corresponding to the 
I * 0 two equations, the first gives 

/ - Langevin curve (1), while 

/ S the second a straight line (2) 

p / passing through the origin, 

• / k \yy\ whose slope, equal to RTM/a ft a flp 

-5 - / //C | increases with T (Fig. 30). 

// / ll) ' T *? e ^ wo equations are readily 

I / \ 8olved by means of the two 

fX : curves as followsThe curves 

K I „ u W inter sect each other 

0*-l l —5“nT— r— 7 —- at the origin O and at another 

* * 6 P° mt A < so that the solutions 

" e q / q o = 0 or AN. But 

r,g * 30 = o cannot be a true 

solution, since there is sponta- 
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neous magnetisation by supposition. Hence the only correct solution 
is a/cr 0 = AN, that is to say, a point of intersection of the two curves 
other than the origin. It can be easily seen that A corresponds o a 
stable state of spontaneous magnetisation. For, if the molecules in 
a domain assume the state indicated by the point C, the local 
magnetisation is less than that corresponding to equilibrium as given 
by the Langevin curve. The magnetisation and the value of a will 
in consequence increase until the state indicated by AN is reached. 
Similarly at the point B the local magnetisation is greater than the 
equilibrium value and hence the magnetisation and the value of a 
will tend to decrease until the state AN is reached. Thus it is clearly 
realised that the condition for stable spontaneous magnetisation of the 
domains is given by the non-zero point of intersection of the two curves. 


As the slope of the straight line curve (2) increases with T, if 
this slope coincides or becomes greater than that of the tangent at 
the origin to the Langevin curve, then spontaneous magnetisation 
will not occur, since in such a case there will not exist a non-zero 
point of intersection of the two curves. On the other hand, we know 
that the slope of the tangent at the origin to the Langevin curve is 
i* since <i/a 0 = a/3, when a is small. 


From these .considerations, we see that 
spontaneous magnetisation is given by : 


r ™ orT ^ a « 2pp 

o 0 2 Pp t ^ 3RM 


the condition for stable 


Since <r 0 2 Pp/3RM = 8 , the Curie point, T < 0. 

Hence, below the Curie point 8, in the absence of the external 
field, the domains are spontaneously magnetised to a degree depend¬ 
ing on the temperature, approaching the saturation value as the 
temperature approaches absolute zero, since the non-zero point of 
intersection will take place at <y/c 0 = 1 for a = yHJkT — infinity, 
*♦6., when T — 0. It is to bo noted that the absolute value of 8 is 
greater, the greater the magnetic moment of the domains and the 
greater the molecular field coefficient p. 


Above the Curie-point 8, spontaneous magnetisation no longer 
occurs; the ferromagnetic properties disappear and the substance 
comes paramagnetic. At temperatures, not tooi near the transition 
point, the Curie-Weiss law is obeyed. For, when a is small, i.e. 9 at 
high temperatures , 


JL _ a MH, ft(H + pi) 

3 3fcT 3fcT 

3RT 

This relation leads, as already indicated above (pp. 86-87), to 
















90 


THE BEGINNINGS OF ATOMIC PHYSICS 


Ideally, therefore, a substance containing carriers (molecules, 
atoms or ions) with a permanent magnetic moment and having a 
positive molecular field coefficient will behave as a ferromagnetic with 
spontaneously magnetised domains below the Curie point, and above 
it as a paramagnetic obeying Curie-Weiss law. 

The value of the molecular field coefficient (3 has been found by 
making measurements near the Curie point, where pi is not large 
compared with H for the effects due to H to be appreciable. Under— 
these conditions. 


CT _ CT 0 2 (H + 01)p j „ _ ff o 2 0p 

M/p 3RTM ~ 3RM 

6 c o 2 0 P w 3RMI 01 

T — 3RM X <t 0 2 (H + 0I) P — H + 01 


This gives 


pi _ 6 

H “ T - 8 


Since I/H = K (the susceptibility), p can be calculated from 
susceptibility measurements near the Curie point. In this manner, it 
was found that the values of p were 3,850, 12,700 and 6,180 for iron, 
nickel and cobalt respectively. These high values evidently would 
give rise to very intense molecular fields, so that the external fields 

that could be applied would make no appreciable difference as regards 
magnitude. 


Relation between the ideal properties of the domains and th!e bulk 
properties. * In order to correlate the spontaneous magnetisation of 
the domains with the experimentally observed bulk properties of 
ferromagnetics, such as (t) the existence of unmagnetised specimen of 
iron, (it) the gradual initial increase of the intensity of magnetisa¬ 
tion and (iii) hysteresis, Weiss proposed that the substance in bulk 
is an agglomeration of micro crystalline domains. In an unmagnetised 
specimen, although the domains may be spontaneously magnetised, 
yet the directions of magnetisation in them are distributed at random, 
so that the substance as a whole will not exhibit any magnetism* 
External fields which can be applied, will, in general, be small com¬ 
pared with the molecular fields and their main effect will be in alter- 
ing the direction of spontaneous magnetisation, without appreciably 
changing its magnitude. 


Let there be n domains per unit volume with saturation 
moment p, so'that nu = I 0 . When a gradually increasing external 
field is applied to the substance, domains with a resultant moment 
m the field direction will, to a first approximation, be unaffected. 

^ ie “‘ Tnom , ent oriented in a direction opposite to that 
°*x th n fi r i W1 first remain unchanged for small values of the inten- 
sity H of the applied field, but will suddenly reverse their directions 

°. ertain Critical value H c known as the‘coercive 
field. Any further increase m the field will produce no appreciable 
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change. If the direction of spontaneous magnetisation makes an 
angle $ with the applied field, the condition for reversal is 
H cos # = H, 

All the domains with axes inclined at an angle 0 to the field 
direction will have a resultant moment in the field direction, given 
by : 

ro 

1=1 n fx cos 6 . sin 6 ad 

J 0 

•0 . I 


— 1 i 

- VJ -l 


0 



sin 26 d$ = 
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2 



- - (cos 26 — 1) — 
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sin 2 # 
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(1 — cos 2 6) 


(1 — 2 sin 2 # — 1) 


H 



H 



V V / / 

When H is small compared with H ct I will have the same value 
for a given value of H, both when it is increased and diminished. 
Hence the process is reversible in the initial stage of magnetisation 
in accordance with experimental fact. The gradual increase of I at 
this stage may be due to the fact that, since 6 might vary from 
domain to domain, the reversals might take place one after the other 
but the number of reversals is very small for small values of H, as 

indicated by the extreme shortness of the initial part of the magne¬ 
tisation curve. 

When H equals H c > the first change in sign begins, which means 
the commencement of rapid reversals of the directions of magnetisa¬ 
tion of all the domains completed within a short range of H. This 

corresponds to the steep irreversible part of the curve. 

* 

When H becomes large compared with H et rigorously, there 
should be no further change. But since the reversal of direction has 
left the axes of the domains still inclined 
& t an angle 6 with the direction of the 
external field, there should be a slight in¬ 
crease in magnetisation. This corresponds 
to the final reversible part. The actual 
intensity will depend on the temperature 
and the resultant of the external and 
molecular fields, the maximum value being 
0 /2. When H > H tf , if the external field 
ib varied from +H to H cyclically, the 
intensity of magnetisation; is given by : 



H 


~.W 




According to this relation, I becomes 
zero only when 

Tf 2 (H /H)* =1 or H = V2~ H c . 

0 relation be represented graphically the curve is found to bo 
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nearly a rectangle, as shown in Fig. 31. Although it encloses an 
area, it is very dissimilar to the actual hysteresis loop. But by 
taking into account that the crystals, of which the domains are com¬ 
posed, may acquire also a (relatively small) magnetisation at right 
angles to their main magnetic axes, smoother loops resembling very 
closely the experimental ones are obtained. 


Experimental confirmation of Weiss theory of ferromag¬ 
netism. Some of the more important experimental evidences in 
favour of Weiss theory are the following : 

(а) Barkhausen effect. In 1919, Barkhausen discovered an 
effect which lends great support to the idea of spontaneously magne¬ 
tised domains, which suffer complete reversal of orientation of their 
axes at a certain value of the magnetising field. The effect consists 
essentially in this : When a ferromagnetic substance is magnetised 
by a continuously changing field , it is found that a part at least of 
the resulting change in intensity of magnetisation takes place in 
sudden discontinuous jumps. It may be investigated in the following 
manner. An iron rod is placed inside a magnetising solenoid, through 
which the current is steadily increased. A loop of a few turns of 
wire encircling the solenoid is connected to some device which con¬ 
tinuously records the e.m.f. induced in the loop by the changing 
intensity of magnetisation. Since the magnetising field changes 
continuously one should also expect the induced e.m.f. to vary con¬ 
tinuously, if the magnetisation increases in a continuous manner. 
It is found, however, that the e.m.f. changes by small but sudden 
jumps. 

If the loop is connected to a telephone or loud speaker through 
a valve amplifier, crackling noises are heard, which are due to the 
discontinuities in the magnetisation. If the loop is connected to an 
oscillograph and the magnetising field increased very slowly the 
actual number of peaks in the oscillograph can be counted. Tyndall 
using this method found that the process of magnetising unit volume 
of iron involves several thousands of these peaks. By measuring 
the area enclosed within each peak, it is possible to calculate the 
moment of an elementary magnet, the creation of which has resulted 
in such a peak. This gives an indication that the size of such ele - 
mentary processes is much smaller than that of the actual crystalline 
grains. Further, these discontinuities in magnetisation are found 
to be associated only with the steep irreversible part of the magne¬ 
tisation curves and not with the final reversible part. The effeot 
depends markedly on the thermal treatment the specimens have 
received and hence essentially on the microcrystalline structure. In 
terms of the theory the magnitude of the discontinuities depends 
on the extent of the domains through which spontaneous magneti¬ 
sation occurs. 

(б) Maurain's researches on thin films of iron. Maurain found 
that, when iron was deposited electrolytically as thin film in a 
field of 10 to 12 gauss, the field being in the plane of the film, it 
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was saturated, giving hysteresis curves that were practically rect¬ 
angular with a coercive field H c of about 20 gauss and saturation 
intensity I, of 840, somewhat lower than the actual value for iron 
(I, = 1700). It was also realised that the magnetic moment of the 
deposit increased proportionally to the thickness only when this 
became greater than 80 fMi. These findings give evidence to the 
existence of very strong intrinsic molecular fields , postulated in Weiss 
theory. 


(c) Study of variation of the intensity of magnetisation with 
temperature below the Curie point . According to Weiss theory of 
ferromagnetism, 


a 



Since 0 = 


RTM 

VPP 

<*o 2 Pp 
3RM ’ 
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the above relation may be written as : 


a T a a / T \ 

T 0 ^ T • T ° r \ 

such that / (T/6) approaches unity when T approaches zero, (as at 
T = 0, a — ao ) an d f (T/0) approaches 0 as T approaches 0, (since 
at the Curie point spontaneous megnetisation disappears). 




/ U 


The explicit expansion of / (T/0) is not easy. B 

value of T/0 may be found graphically from the point of intersection 
between a line whose slope is 

i (T/0) and the Langevin curve. 

Plotting the theoretical values 
of a/a 0 and T/0 thus got, a cur¬ 
ve is obtained, which is of the 
form shown in Fig. 32. It indi¬ 
cates that the spontaneous mag¬ 
netisation diminishes regularly 
as the temperature increases. 

But the chief point to be notic¬ 
ed is that, according to Weiss 
theory, the form of the curve 
plotted in this way of “corres¬ 
ponding” temperatures should 
be the same for all ferromag- 

Ti a 



Fig. 32. 


same lor all ferromag- 

^ C J W . ex P e rimental data for iron, cobalt, nickel 
.i, ^ ne 1 ^ e below their Curie points obtained by different workers 

w« w ° De i° ( ^ raw a l a o V3 > T/0 curves for them. In the figure 
th ft * Bh °^ 8U< ? h cul T es for magnetite and nickel. Although 
vet , P 011 !^ widely diverge from the theoretical curve, 

corvee ® reement 18 fairly good as regards the general form of the 
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(d) Study of the variation of susceptibility with temperature above 
the Curie point. According to theory, ferromagnetics at high tem¬ 
peratures, i.e., above 



the Curie point (not 
very close to it) be¬ 
come paramagnetics ob¬ 
eying Curie-Weiss law. 
Plotting 1/x against T 
from data gathered for 
Ni, Fe and Co above 
their respective Curie 
points, curves of the 
type shown in Fig. 33, 
are obtained. In the 
case of Ni, well beyond 
its Curie point 


(~~360°C), i.e.j from 


V Fig. 33. 


410°C up to 900°C a 


straight line is got t 
which indicates that the susceptibility varies with temperature in 
accordance with the Curie-Weiss law. For Fe, whose Curie point is 
775°C, experimental data give a straight line (y) between 920° and 
1390°C, which is broken off abruptly at both ends. At the lower 
end the experimental points fit well into a pair of straight lines (a 
and p) connected at 820°C ; at the upper end a new straight line 
(S) is started beyond 1395°C. In all the four branches the Curie- 


Weiss law is obeyed. For Co, beyond its Curie point (1I30°C) the 
experimental results conform to a pair of connecting straight lines. 
Thus experiment confirms the prediction of theory, viz., that ferro¬ 
magnetics become paramagnetics obeying Curie-Weiss law at tem¬ 
peratures higher than their Curie points. The discontinuities in die 
curves for Fe and Co indicate different values for the magnetic mo¬ 
ments over different ranges of temperature. From the curves ?jhe 
value of B can be determined from the intercept on the T-axis, For 
ferromagnetics B is evidently positive and high, unlike paramagne¬ 
tics, for which 6 is small and may be positive or negative. 


Determination of the magnetic moment m of the ele¬ 
mentary carriers, molecules or atoms. 


For paramagnetics, which follow the simple Curie law or the 
more complex Curie-Weiss law, the atomic or molecular moment 
can be determin ed, as already indicated using the relation 

M = (ct 0 /Nm = /Nm (c./.p. 83). The slope of the 1/x w. T 

gives the Curie constant Cm . The gas constant R and Avoga- 
dro s number Nm are known. In order to draw the graph, solutions 

of paramagnetic salts may be used and their susceptibility (y) measur¬ 
ed at different temperatures (T). 

It should be noted that in the case of salt solutions the term 
gram -molecule or gram-atom refers to the carrier of the magnetic 
moment. For example, ferrous sulphate contains one atom of iron. 
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whereas ferric sulphate two, and the effective gram-molecule for 
paramagnetic effects in the latter case is only one half the gram- 
molecule as usually defined. Also the observed susceptibility must 
be corrected for the diamagnetism of the solvent and of the chemical 
radical combined with the atom. For instance, in nickel sulphate, 
the diamagnetism of the S0 4 radicals calls fora correction to the 
apparent atomic moment of Ni, amounting to 0*37%. 

This method is based on certain assumptions made by the 
theory, such as the continuously variable orientation of the magnetic 
axes of the carriers with respect to the field direction, the validity of 
Maxwell’s statistical law, the structure of the molecule and the 
relation between magnetic and thermal energies (the assumed small¬ 
ness of the ratio pll/kT). In the arbitrary character of these hypo¬ 
theses lies the uncertainty of the method. 

For ferromagnetics, the method of saturation at very low tempera¬ 
tures has been used. According to Weiss theory, the absolute satura¬ 
tion intensity is reached at absolute zero, when all the elementary 
magnets are aligned. If the intensity of magnetisation is measured 
at a very low temperature and in a very powerful field, extrapolat¬ 
ing to H — qo and T = 0, the saturation value I ? is obtained. 
Assuming the carriers to be molecules, since l s = a 0 p/M, knowing 
the density p and the molecular weight M, <r 0 is calculated. The 
magnetic moment of each molecule is given by u — „ /at 

where N m is the Avogadro’s number. If the carriers were atoms' 
then I, = <j 0 o/A, where A is the atomic weight, so that the 
magnetic moment per atom ha = a 0 /N, where N is the Avogadro’s 
""“° 6r - 111686 estimations are evidently based on the assumption 

that there are as many elementary magnets per gram-molecule or 
gram-atom as there are molecules or atoms. Often enough the resu 
are expressed in a 0 , i.e., magnetic moment per gram-molecu 
gram-atom, or in terms of a more fundamental unit, known a 
Weiss magneton, as we shall see presently. 


Weiss, in 1911, in collaboration with Onnes, inv 
saturatibn intensity of iron, nickel, cobalt and ma 
M JA, the method being based n n the measurement of 
couple exerted on an ellipsoid of the material, suppas 

lin« ^ iar< ^ ne8S c °balt, probably due to its magneto ciwistc 

to a d the measurements on magnetite were also invalidate 

ever if wo 80me a *Rsotropy. For iron and nickel, hoi 

uncertainty extrapolate to absolute zero without*** 

, Y’ . . ^ U8 ^ e »ss deduced for the saturation- moments u 

n«mbeJsTnfbo r rat ?nd ? ^k Va ? U u 8 12,360 and 3 > 370 "> 8 P 66 tivJl, 
to l ] .>•> - ^ lo V 3 Wlt h respect to a common factor equ 

unit o? T “r hC f ?' md that ‘here was a fundament 

wl'i,hfn n g . nioraent, now known as the Weiss magneton, , 
all atomic or molecular moments were multiples. 1 
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The Weiss megnoton, whose value is 1123*5 gauss-cm., is the 
unit magnetic moment per gram-atom or gram-molecule and corres¬ 
ponds to 1*85 x 10-« gauss-cm.,'per atom or molecule. The mag¬ 
netic moments, as measured in the experiments, are usually expressed 
as p Weiss Magnetons : 



c o 

1123*5 


\/3RCm 

1123*5 


14*07 y/ Cm 


Although later investigations have shown that the Weiss magneton 
has no reality as a fundamental unit, yet it is retained as a con¬ 
venient one. 

More recently (1930), Weiss and Forrer have deduced the 
atomic moments of Fe, Co, and Ni from saturation data relating to 
twenty-five Fe-Co alloys and nine Ni-Co alloys at ordinary tempera¬ 
tures and from their temperature coefficients down to liquid air 
temperatiire. They plotted the calculated number of Weiss magne¬ 
tons against the percentage composition of the alloy and extrapolated 
the results to determine the number of Weiss magnetons for the pure 
metal. In this way, they obtained for cobalt the value 9. They 
further discovered that the atoms of these substances are capable of 
assuming different'atomic moments : e.g. 11, 14 and 15 for iron, and 
17 and 9 for cobalt. This variability of the magnetic moment, as 
indicated also by the 1/x vs. T graphs, is of importance to explain 
certain points in Weiss theory, as we shall see below. 

It may be noted that the experiments of Onnes on the para¬ 
magnetic gadolinium sulphate furnish the sole example of atomic 
moment determined by both the methods, viz. that of saturation 
intensity at low temperature and that of calculation from Curie 
constant. The results obtained by the two methods agree fairly well 
and thereby prove the essential correctness of Weiss postulates. It 
must be added, however, that with ferromagnetics, there is no 
agreement between the p values deduced from measurements on the 
saturation intensity at low temperatures and on the paramagnetic 
susceptibility at high. A typical example is Ni, whose p value is 3 
at absolute zero and 8 in the range 750° to 1150°K. 


Criticism, of Weiss theory of ferromagnetism* The Weiss 
hypothesis of an intrinsic molecular field proportional to intensity 
with the additional idea of spontaneously magnetised domains cer¬ 
tainly enables a wide range of facts to be coordinated. According 
to it, ferromagnetic phenomena may be interpreted on the basis of 
the laws for paramagnetics, both above and below the Curie point. 
There are many difficulties, however, which remain to be elucidated. 
Thus for instance :— 

(t) The discrepancies between the theoretical and experimental 
curves below the Curie point , the breaking down of the linear relation 
expressed by the Curie-Weiss law dose to the Curie point and the 
disparity of p values obtained at low and high temperatures find no 
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explanation in the theory itself. A first attempt to account for these 
divergencies was made based on the experimentally observed vari¬ 
ability of the molecular 'magnetic moments, which the theory assumed to 
be constant and independent of temperature. But a more adequate 
solution can be obtained with the introduction of the quantum theory, 
according to which the variation of the magnetic moment will take 
place in a discontinuous fashion. 

(u) It is not possible to identify the domains postulated with indi¬ 
vidual microcrystals or with any other discernible granulation of the 
substance. Here again a plausible interpretation has been given on 
-the quantum theory basis that the magnetic properties are determin¬ 
ed by groups of atoms which do not necessarily play a primary part 
in determining the crystal structure. 

(tii) The nature of the molecular field assumed remains unknown. 
It seems pretty certain that it cannot originate in the purely mag¬ 
netic interaction of the carriers of magnetic moment. Heisenberg, 
using the new quantum mechanics, has unravelled this mystery to a 
great extent and has shown that the molecular field is of purely elect¬ 
rical origin, due to an dntercharge interaction’ of electrons in the 
atoms and ions and that ferromagnetism is to be attributed to the 
spin moments of such electrons. 

In conclusion, it may be said that in essentials and indepen¬ 
dently of the new quantum theory refinements, little has been added 
to the Langevin-Weiss views and the molecular field hopothesis, which 
though extremely simple, have bean extraordinarily fruitful. 

ZEEMAN EFFECT 



The Zeeman effect is a magneto-optical phenomenon in which 
spectral lines are affected by an applied magnetic field and split into 
several components. This was first 
observed by Zeeman in 1896 and hence 

called Zeeman effect. He found that ✓ , - 

if a source of light giving line spectra 
be placed in a magnetic field, the lines 
were split into a number of component 
lines, symmetrically distributed about 
the original line. Doublets, triplets and 
even more complex systems were 
observed rJ^he importance of the pheno¬ 
menon fo^pcctral, magnetic and atomic 
theories was at once recognised, and 
following Zeeman’s discovery an enor¬ 
mous amount of experimental and 
theoretical researches has been carried 
out on it. On the experimental side the 
most powerful magnetic fields obtain¬ 
able and interferometers of very high 
resolving power have been used*; 


Prof. Zeeman 


7 
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The simplest splitting/ known as the normal Zeeman effect, 
obtained usually with strong magnetic fields, consists of a triplet 

when viewed in the 
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Fig. 34. Arrangement for Zeeman effect. 


transverse direction, i.e. f 

# 

perpendicular to the 
direction of the magne¬ 
tic field, and a doublet 
in the longitudinal direc¬ 
tion, i,e ., parallel to 
the magnetic field. The 
more complex resolu¬ 
tion of a greater num¬ 
ber of lines called the 
anomalous Zeeman effect 
is produced in ordinary, 
weak magnetic fields. 
As the electron theory 
is able to explain only 
the normal effect, we 
shall limit ourselves to it. 





The normal effect can be readily produced and observed by the 
following experimental arrangement. (Fig. 34). 

An electromagnet MM capable of producing a very strong mag¬ 
netic field and having conical pole-pieces PP, through which holes 
have been drilled lengthwise, is set up. A source L emitting spectral 
linos, say a sodium vapour lamp, is placed between the pole-pieces. 
The spectral lines are observed with a high resolving power instru¬ 
ment such as a Lumraer Gehrcke plate in conjunction with a constant 
deviation spectrometer S. 

Viewing a spectral line longitudinally through the hole drilled 
in the pole-pieces and hence parallel to the direction of the field, 
and on establishing the magnetic field, 
the line is found to split up into two 
(doublet), one having slightly shorter 
wavelength and the other slightly 
greater wavelength than that of the 
original line which is no longor seen. 

he moment the current feeding the 
Electromagnet is switched off, the two 
lines disappear and the original line 
alone is seen. The two components 
that appear, whenever the field is on, 
arc found to be symmetrically situated 
about the position of the parent line, 
so that the change in wavelength dX t 
known as the Zeeman shift, is tin* same 
in both cases, Analysing the nature 
of polarisation of the two lines, they 
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line. (Fig. 35). When viewed transversely , i.e., perpendicular to the 
direction of the magnetic tield the )ine becomes a triplet the central 
one having the same wavelength as the original line and the outer 
ones occupying the same positions as the doublets in the previous 
case. All the three lines are plane polarised but the vibrations of 
the central line are parallel to the magnetic field while those oi the 
outer ones perpendicular to the field. (Fig. 35). 

The resolved lines both in the longitudinal and transverse 
eifects can be readily photographed by using a camera in place of the 
eye-piece of the spectrometer and 
ixom the photos obtained the dis¬ 
placements of the outer components 
from the position of ohe undisplaced 
lino can be measured. 

tjKl A satisfactory explanation of 
his normal Zeeman effect was given 
by Lorentz on the basis of the 
electron theory. It is assumed that 
the light waves originate in the 
vibratory motion of electrons asso¬ 
ciated with the atoms of the sub¬ 
stance that emits light. This suppo¬ 
sition is a direct consequence of the 
classical electromagnetic theory of 
light, according to which light is an 
electromagnetic phenomenon and 
consists of electromagnetic waves 
that result from the periodic motion 
of electric charges. Now if the 
electrons in the atoms, under the 
influence of the electric discharge through the spectrum tube which 
is the source of light, execute vibrations about the centres of the 
atoms, they will give rise to light waves with frequencies equal to 
those of their own vibrations. For every line in the spectrum of an 
clement there is a corresponding frequency of vibration of the 
electrons in the atom of the element. Considering a single spectral 
line, the frequency of the corresponding vibrating electrons is definite 
:-><> that the electrons must be executing simple harmonic motion. 
Now a simple harmonic motion may be resolved into three compo¬ 
nents, one in a straight line parallel to the direction of the magnetic 
field which is applied and the other two in opposite circular motions 
of the same period in the plane perpendicular to the field. Since no 
mechanical force due to a magnetic field acts upon a charge when it 
n ! f,w;s . ni ^ ie direction of the field, the linear component of the 
vibration of the electron in the direction of the field is not affected by 
the field and so the frequency of this component is unchanged by 
the magnetic field. On the other hand, the two oppositely directed 
circular components in the plane perpendicular to the field are 
a footed by the latter, one being retarded and the other accelerated, 
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according to the definite direction of the field and the sense of 
motion, clockwise or anti-clockwise, of the components The 
frequency of one of these circular components is therefore decreased 
while that of the other increased. But the alteration in frequency 
is t e same in the two cases, since their original frequencies are 
CCJU8.1 and fh.6y acted upon by tho same magnetic field. 

longitudinal view the unaltered linear component along 
tho field gives no light waves in the direction of observation due to 
the transverse nature of light, while the two altered circular com¬ 
ponents at right angles to the field produce light waves circularly 
polarised. This is why the original unpolarised spectral line is 
replaced, in the longitudinal effect, by two lines, symmetrically 

situated on either side of the original line and circularly polarised in 
opposite directions. 

In the transverse view the unaffected linear component sends 
out vibrations parallel to the field and hence perpendicular to the 
direction of observation, which therefore results in the central line 
of the triplet, occupying the undisturbed position and plane polarised 
with vibrations parallel to the field. The two altered circular com¬ 
ponents at right angles to the field send out vibrations perpendicular 
to the field and are viewed sideways in the direction of observation. 
They therefore give rise to the two outer lines of the triplet placed 
symmetrically on either side of the central line and plane polarised 
with vibrations perpendicular to the direction of the field. 

To deri ve an expression for the Zeeman shift, i.e„ the displace¬ 
ment of the outer lines from the central line, let us consider a single 

electron in an atom revolving about the 
centre of the atom. Let e be the charge 
of the electron in e.m.u. and m its mass. 
Let us resolve its motion into a linear 
component parallel to the magnetic 
field and two other ‘equal period but 
oppositely directed’ circular compo¬ 
nents. Let r be the radius of the orbits 
of the two circular components, (Fig. 36) 
IT and y and <u the linear and angular 
velocities , which are the same for both, 
before the field is applied. The two 
Fig. 36. circular motions will be governed by the 

common equation of dynamic equi¬ 
librium F = mvijr = mw*r, where F is the force acting towards the 
centre. Now let a magnetic field of uniform intensity H be applied at 
right angles to the plane of the orbits of the two circular components 
and directed towards the reader. The effect of this field on the two 
circular component motions is to subject the electron to an addi¬ 
tional radial force whose magnitude is Hev and whose direction is 
outwards from the centre for clockwise motion but inwards towards 
the centre for anti-clockwise motion. The additional radial force 
complicates the two circular component motions of the electron The 
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resulting complex motion is a Larmor precession which may be 
interpreted as a change in the angular velocity by a small amount 
without any change in the form of the orbit (Cf. p. 76). Such a 
change means a change in the frequency of revolution of the electron 
in the orbit and consequent change in frequency of the spectral 
hne. |further, since the two oppositely directed circular motions 
ave the same angular velocity before the the application of the field, 
t e change in angular velocity in the two cases will be equal in 
magnitude though opposite in sign, that is to say, retardation in the 
one and acceleration in the other, but by an equal amount. 



Let 8a> be the small change in angular velocity caused by the 

,, * _. ^ <)r circular motion in the clockwise direction since 

ne additional radial force is directed away from the centre, 

F — Hev = m (oj + 8co) 2 r 

which gives 8a> = — He / 2m. ((jj m p* 75 ^ 

The negative sign shows that the case is one of retardation. 

iulHi. : F0r , t r e cir , cu . lar motion in the anti-clockwise direction, the 
mtional force being directed towards the centre, 


which gives 


F + Hev — m (w + 6a») 2 r t 
Soj = -j- He / 2 m, 


which is therefore a case of acceleration. 

The two cases may be represented by a single equation 

Soj = He / 2an 

The corresponding change in orbital frequency is given by ; 

XT ^ " 


= He 
277 47rm 


This represents also the change in frequency dv of the spectral lin 
Une aJd V c a the iebcity tfllg ht^v ^ 1( J / ^ avelen g th of the undisturb, 

Differentiating, dv = (— c / A 2 ). dA 


d\ == 


dv . A 2 


c 


± 


He A 2 


47TWIC 


* • 


The Zeeman shift = 

4rrmc 


under'th'e action oft* & Sp t Ct 5 al J ine of wavelength A will be resob 

action of an applied field of intensity H into compone 
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symmetrically situated on either side of the original line, with a 
shift given by the above expression. 

The soundness of the theory can be experimentally tested by 
taking a spectral line of known wavelength measuring its Zeeman 
shift dX when a magnetic field of known intensity H is applied and 
computing the valu6 ofejm — dX (4 c7tc j HA 2 ). The value obtained by 
this means agrees well with those obtained by other methods. Thus 
the validity ofLorentz electron theory offering a simple and satis¬ 
factory explanation of the normal Zeeman effect is established. The 
measurements made on Zeeman patterns of a great number of 
elements lead to the same value of e/m, which fact clearly proves 
that the electron enters into the constitution of every kind of matter. 

It is to be noted, however, that the simple theory of Lorentz is 
incapable of explaining the more complex anomalous Zeeman effect 

met with in weak fields. For an adequate explanation of 
this effect we require a clearer and deeper insight of the arrange¬ 
ment and action of the electrons in the atom as given by the so- 
called Vector Atom Model dealt with in a later chapter. 


CRITICISM OF THE ELECTRON THEORY 

The electron theory has many points in its favour. With the 
basic conception of the existence of electrons in matter, either in a 
free state or orbital motion ’ and in conjunction with the principles 
of the kinetic theory of gases, it has been able, in a simple manner, 
to gi\ e a fairly consistent interpretation of several complicated 
physical phenomena, such as the thermal and electrical conductivi¬ 
ties in metals, the thermo-electric effect, magnetic properties of 
materials, Zeeman effect, etc. But over and above the partial nature 
explanations, as we have already remarked, very serious 
lmculties arise against it when we consider the following points * — 


(♦) High electrical conductivity of metals . There are reasons to 

believe that the number of free electrons in a metal is comparable 

with the number of atoms in it. Under this condition, to explain the 

high electrical conductivity of most metals, one is obliged to assign 

a large value to the mean free path l for the electrons. For 

instance m the case of copper, whose observed conductivity is 

6 x 10 , l is to be at least 6 x 10" 7 cm,, which is about- 30 times 

the average distance from nucleus to nucleus in the solid state. Such 

a long free path is very difficult to explain on the basis of the 
classical theory. 


(tt) Superconductivity. According to the electron theory the 
resistance of a metallic conductor should vary continuously with 
temperature, so that it completely disappears only at absolute zero. 
But the phenomenon of superconductivity at very low tempera- 
tures, t.e., near the absolute zero, offers a formidable challenge to the 
above theoretical prediction. It has been experimentally observed 
by De-war, Onnes, Kapitza and others that the resistance not only 
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varies irregularly at very low temperatures, but also disappears 
rather suddenly even before the absolute zero is reached. It is t<> 
be noted that it is not the electron theory alone, which is at a loss 
to explain this anomaly, but even several other more refined ones, 
■such as Thomson’s electric doublet theory, Kapitza’s additional 
resistance theory, Houston’s electron wave theory etc. have found it 
difficult to explain, not so much the existence of a superconducting 
state, but the sudden way in which it appears. 


(Hi) Specific heat. If the f ree electrons in a metal were to be 
governed by the same principle of cquipartition of energy as the 
atoms themselves, then the specific heat of metals would be consi¬ 
derably larger than the experimental values. In other words, the 
observed specific heat of a metal can be fully accounted for by the 
kinetic and potential energies which the atoms themselves should 
possess, without taking into account the thermal energy of the free 
electrons at all. This is confirmed also by the fact that the 
“atomic heat ” (i.e. y product of atomic weight and specific heat at con¬ 
stant volume) is nearly the same for metals and non-metals. Hence 
this low contribution of the electrons, if it existed at all, to the 
specific heat of the metal, is a difficulty which cannot be surmounted 
by the classical electron theory. We shall see in a later chapter on 
statistical mechanics how Sommerfeld, applying a new quantum 

statistics, known as the Fermi-Dirac statistics, has been able to over¬ 
come this difficulty. 

(£v) Atomic stability. The orbital motion of the electron, 
involved in the explanation of magnetic properties of materials and 
of Zoeman effect has a very serious drawback, in common with the 
classical electromagnetic theory, viz., electrons revolving in orbits 
should continuously lose energy by radiation, which is altogether 
against the observed stability of the atom as a whole and the dis¬ 
creteness of atomic spectral lines. This defect has been overcome 
by the quantum conception ol radiation phenomena. 


IMPORTANT SOURCES OF ELECTRONS 

* 

Aa the electrons enter into the constitution of all matter and 
t eir number is great even in a small amount of matter, it is to be 
expected that any kind of matter can be made to emit electrons under 
suitable conditions. For instance, in the discharge tube the electrons 
constituting the cathode rays are produced by the process of ioni~ 
sa ion by collision under the action of a strong electric field. Sub¬ 
stances can be made to give up their electrons by other means 
a so, such as raising their temperature or allowing rays of light to 
- U P 0I J them. The former is known as thermionic emission and the 
a er photoelectric emission. These two sources of electrons are 
c ose y related to one another as regards their mechanism according 
o accepted ideas and are of great practical importance as they are 

U! t e j lI j ^ • won derful modern inventions of thermionic valve and the 

photoelectric cell . 
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THERMIONIC EMISSION 

, ^ n | rw ^ uc t I *>n, Thermionic emission is the phenomenon in 
which electric charges are emitted from hot bodies. It has been 
known for a long time that air becomes conducting in the neighbour- 
hood of incandescent metals. Guthrie in 1873 foufid that a red-hot 
a re aine a negative but not a positive charge. At higher tern- 
peratures charges of both signs were emitted. 

, io E on ter a ? d 9 e ^ a ^ conducted a series of researches between 1882 
, . 01 ? ^ ^ phenomenon, by arranging a metallic filament and a 

conn ected to an exhaustion pump, heating the 
‘ . ^ f e , 0 y means of a battery and measuring the charge 

increased \^th ^ ^ ^ te * ^ e y found that the charge on the plate 
beoaTelr/^V'r °X tem P® r f ure of the filament until the latter 
tant At ih e + °t- * a !l F wblcb amount of charge became cons- 
fnnnrl +K * & a ® e P ressure * n the bulb was reduced, and it was 

nevati^ ir af BOm t < ? ecrea ® 6 the char ge on the plate became 
negative' er uc tion of pressure increased the amount of the 

T' J* also found ‘hat the amount of charge 
su^ounding n gas e 8t&te ° f the emittsr and the nature of the 

into S n ’J n , U8ing f n ^candescent filament electric lamp 
mtojvhich was fitted a plate maintained at a positive potential 

with respect to the filament, was able to 
demonstrate in a precise manner that the 
eate filament emitted mainly negative 
electric charges under the conditions of low 
pressure and high temperature obtained in 
an ordmary electric lamp. A galvanometer 

T fl U ln plate circuit registered a 
eflection only when the plate was positive 
with respect to the filament, but no deflec- 
lon when the plate was made negative. 

.1 18 C earl y P rov ed that a current flowed in 
the plate circuit due to the emission of 
nega ive charges from the incandescent 

t<^ G T sub sequent attraction 

wW1 . ■ e P^ a ^ e when it was positive, 
i . .. . wniie there was no such current wh«n thft 

SSi^ a8 oTacTo^ 

phenomenon was for some time l^o^fth^S ** 

Although some experimental data were thus gathered bv these 
early workers, the precise nature of the nh.nLln^ Dy . e3 S 
obscure until 1902, when Prof O W ? remained 

thorough researches on chemicailv rJJl' . Rlchardson - conducting 

high vacuum, obtained sure e^erim^tel emitterS in 

factory explanation of the oKTd™ 8ulta and gave a satis- 

Phenomenon. He gave the name of ^rm^ics^Ttht subjet and 
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thermions to the ions emit tod from hot metals. The current that 
results from thermionic emission is known as the thermionic current. 

Experimental study. Experiments 
conducted by Richardson and others have jf 
revealed not only the nature of the ther- \ 

mions but also the dependence of the ] 

thermionic emission upon a number of fac- KS-^'lV i. 
tors such as the temperature, nature, area ftSSL- j 

and superficial condition of the emitter; the 

nature and pressure of the surrounding gas / 

and the applied potential difference. j!:!;! ?j } 

The apparatus used in the detailed Jfcl 
study of the thermionic emission (Fig. 37) iff .' / 

consists essentially of a wire F of platinum, A, 


r"" ■ 1 | 1 J 1 1 1 ”7 Prof. Richardson 

- tungsten or any other 

___highly refractory metal 

M ~C H stretched along the axis of 

U F U 1 a hollow metallic cylinder 

__^ A C. The wire and the 

" — 1 ■ * J cylinder are enclosed in a 

© gin ss bulb A in which a 

- good vacuum can be main- 

.| | r—j tained by connecting to 

/"+!■ t www I-1 a high vacuum pump 

Bj ** through a side tube T, 

ig. 37. Apparatus for the study of which is also used to 

thermionic emission. supply the bulb with any 

rp. . . gas at any desired pres- 

le wire F is heated by means of an electric current from 
a ery Bj connected in series with it through an ammeter A m 
n adjustable resistance R. A voltmeter is put in parallel with 

re8 ^ 8 l ianco of the heated wire can be determined 
6 readings .of the voltmeter and ammeter. Since resistance 
motion of temperature, the temperature of the wire at any 

■ 0 , ea ^ m g ca *i he found from its resistance at that moment, 
tre thus acting as its own thermometer. The cylinder C is 

.tea to another battery B 2 which enables a P.D. to be applied 

* . 6 cylinder and the wire. A sensitive galvanometer G is 
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described now which deal with the negative thermions, the wire is 
therefore /heated to a high temperature and the vacuum is kept at a 
high level. The glass bulb with the metal cylinder is baked, under 
high vacuum, the wire being kept incandescent for a long time, in 
order to remove traces of impurity caused by occluded gases. Under 
these conditions, if the cylinder is made positive relative to the 
wire, a thermionic current flows across the space between the w r ire 
and the cylinder, as indicated by the deflection in the galvanometer. 
If the potential is reversed so that the cylinder becomes negative 
relative to the wire, the current ceases and no deflection is registered 

^ the galvanometer. From this it is evident that the thermions 
experimented upon arc negatively charged. 

^ * Nature of the negative thermions. The negative ions 

emitted by the hot filament can be readily shown to be electrons by 

determining the e/m value for them as follows When a potential 

jnerence is established between the cylinder C and the filament 

’ _ cin g positive with respect to F, the negative ions emitted by 

the filament are accelerated towards the positive cylinder. Now' if 

a magnetic field is applied at right angles to the electrostatic field 

and parallel to the filament the ions will be deflected into curved 

paths. The strengh of the magnetic field is adjusted to a certain 

va ue which makes the ions just not to reach the cylinder and 

lence no current is registered by the galvanometer. Under these 

conditions it can be shown that e / m = SV / K 2 d 2 t where V is the 

a the distance between cylinder and filament, and e and m the 

cnarge and mass of the negative ion. Measuring V, H and d , the 

va ue o e/m is calculated and it is found to be the same as that for 
the electron. 

dependence of thermionic emission upon tempera¬ 
ture. As there are three variable quantities involved in the 

experimental arrangement, viz . 
Y the. thermionic current (1^), 

the temperature of filament 
' (T) and the voltage applied 

- (V>), in order to study the 

T ccnA&mt effect of temperature upon the 

| - thermionic current, the voltage 

/ I V, must be kept constant and 

/ J under optimum condition. To 

/ I achieve this, keeping the tem- 

i J perature T of the filament at 

J 1 a fixed value and varying V/, 

\ the values of I p are determined 

* v X ^ or ; different values of V/. 

P When the data are plotted a 

curve of the form shown in 

Fig. 38. I P — V„ curve— Thermionic Fig. 38 is obtained 

emission. 

j , It is seen that thermionic 

current does not obey Ohm’s law. At first it increases very slowly, 


Ia 


Fig. 38. Ip — V p curve—Thermionic 

emission. 
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then more rapidly and finally becomes a constant 
as saturation current I s . The value of the voltage 
any increase or voltage produces*no increase in cun 
•saturation voltage. Similar curves are obtained for d 
temperatures of the filament, but with the diflerence 
tion voltage is greater for higher temperatures. 

To investigate the relation between thermic 
temperature the applied voltage is given such a vali 
saturation for any tempera¬ 
ture of the filament that is y 
used in the experiment. The 
temperature of the emitter 

is varied and the corres- i . 

ponding saturation current | / 

is measured. When the / 

values of 1. for different / 


Greater the surface area of the emitter, larger is the number ol 
electrons emitted as indicated by the greater intensity of the 
thermionic current. It is experimentally established that the 
thermionic current is directly proportional to the area of the fila¬ 
ment. 

It is a matter of general observation that thermionic emission 
takes place in the case of pure metals only at very high temperatures 
above 1000°C, and that alkali metals are much more active than 
others. Traces of impurities in the material of the filament affect 
the emission. Even the so-called “pure platinum’’ has been shown 
to contain minute traces of sodium and potassium, whose ions 
appear at lower temperatures than that required for thermionic 
emission, A fresh filament always emits positive ions of these im¬ 
purities for a while, but their number diminishes rapidly with pro¬ 
longed heating in vacuum. 

In 1908, Wehnelt made a discovery of great practical impor¬ 
tance in the construction of thermionic valves and oscillographs, viz. 
when a metal surface is coated with certain oxides,, chiefly of alka¬ 
line earths, it emits a considerably greater number of electrons at 
comparatively low temperatures and low applied voltages. The 
oxides of calcium, strontium and barium are found to be most 
effective, while those of magnesium, zinc, cadmium produce less 
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pronounced effect. The negative filament coated with an oxide of 
these metals is known as the Wehnelt cathode. It is prepared by 
immersing the filament wire in a solution of the nitrate of calcium, 
strontium or barium and then heating when a layer of the oxide is 
formed on the filament. The wire is next “activated M by introduc- 
ing a trace of carbon in the nitrate layer, which reduces a very small 
percentage of the oxide coating to the pure metal state. The 
thermionic emission obtained from a Wehnelt cathode is much 
greater and more lasting than in the case of the non-coated filament. 
It has been show n that the thermal ionisation of the small amount 
of metal produced by activation and absorbed in the oxide layer 
is responsible for the increased emission, which can be obtained at 
temperatures as low as 200°C and with a low applied potential 
difference of about 100 volts. In many thermionic valves thoriated 
tungsten filament, i.e, t a tungsten filament coated with a thin layer 
of thorium oxide is used, w T hich for reasons given above produces the 
necessary electronic emission at a very much lower temperature than 
in the case of pure tungsten. Less power and therefore smaller 
tension are required to heat the thoriated filament. 


4. Effect of surrounding gas on thermionic emission. 

The presence of even small quantities of gas in a highly evacuated 
bulb used in experiments on thermionic emission has a great 
influence on the emission. For instance, a trace of hydrogen is found 
to increase the thermionic current even as high as 10 s times. This 
increased effect is produced by the intervention of two phenomena, 
ionisation by collision and adsorption. At a sufficiently high tem¬ 
perature the electrons emitted by the filament acquire sufficient kine¬ 
tic energy to ionise the molecules of the gas by collision and the 
fresh ions thus produced, may in their turn ionise other molecules by 
collision. The current due to these ions is added to the electronic 
current and thus the thermionic current is greatly increased. The 
■other process by which the emission is increased is adsorption of 
atoms and molecules of the gas by the surface layers of the filament. 
These adsorbed atoms or molecules form an electric double layer 
upon the metal surface which assists or retards the emission of 
electrons according to their nature. If the adsorbed atoms are 
electro-positive, the positive of the double layer is outwards, which 
will therefore assist m the transport of electrons from the inside to 
the outside of the emitter. If, on the other hand, they are electro¬ 
negative the negative of the double layer is outwards and the emis¬ 
sion is retarded. A filament must be baked for hours at high tem¬ 
peratures m the best vacuum obtainable before these gas atoms or 
molecules are driven out. This process is known as "outgassing 

a xv. ^ Inflacace of Applied voltage on the thermionic current* 

A thermionic current is observed only when a P D is established 

cylinder and ^ c y linder surrounding the emitter, the 

Slftr‘ lVe ZZa ™ s V eot to the emitter. This is due 

uoitivf cvUndt! hS , emitt f d electrons are accelerated towards the 
P° y er . and constitute the thermionic current. It might; 
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at first sight, appear that a small voltage is sufficient to produce 
saturation current. But this is found not to be the case, since very 
high voltages are required to get the true saturation stage corres¬ 
ponding to the temperature used. This is due to a “space charge'* 
developed by the lingering electrons in the vicinity of the emitter, 
which repel the electrons emitted subsequently, drive them 
back into the filament and 


thus reduce the strength of 
the thermionic current. The 
effect of this space charge 
can be removed by a suit¬ 
able high applied voltage. 
The space-charge limited 
current with an apparent 
saturation effect can be 
studied by keeping Vp at a 
given constant value, vary¬ 
ing the temperature T and 
measuring the corresponding 
values of \ p . With these 
data a curve is obtained of 
the form shown in Fig. 40. 
It is seen that the rate of 


Y 



emission. 


emission at low temperatures is small so that the applied 
is able to remove the electrons as fast as they are emitted. 


voltage 
As the 



temperature increases the rate 
of emission also increases 
until the electrons are not 
removed as fast as they aro 
emitted by the given con¬ 
stant voltage V,. In conse¬ 
quence a space charge de¬ 
velops and limits the value 
of the thermionic current. 
With still further rise of tem¬ 
perature a situation develops 
in which no more than a cer¬ 
tain number of electrons per 
second are allowed to reach 


Fig. 41. Langmuir curves. the cylinder, the others be- 

rr*i , ing turned back to the wire. 

nus the apparent saturation stage is reached. Similar curves are 
obtained for different constant voltage but with the difference that 
or high Cl* voltages the saturation current is greater and is reached 
at lower temperatures, as established by the researches of Langmuir, 
represented by the curves shown in Fig. 41. At 140 volts the 
saturation current reached at 2200°C is several times greater than 
e saturation current at 60 volts reached even at 2000°C. Lang- 
__ * r d ® nve d from the experimental curves a relation between the 
P c large limited constant current I and the applied potential 
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which is I = KV\ where K is a constant. This is known as “Lang¬ 
muir’s three-halves power law 5 ’ which represents the variation 
of thermionic current with applied voltage. 

Loeb, treating the problem mathematically, showed that the 

constant K is equal to ^^ \/elm. Hence the value of ejm can be 

9?r d 2 

evaluated from Langmuir’s law, and it agrees well with that ob- 
tained by other methods, thereby confirming the validity ol the Jaw. 

Theoretical explanation* The first theoretical interpretation 
of thermionic emission in high vacuum was given by Richardson on 
the basis of the classical electron theory of metals, which we have 
already mentioned in explaining electrical conduction in metals and 
other allied phenomena. It is assumed as before that a metal con¬ 
tains “free” electrons which behave like the molecules of a pertec 
gas. The distribution of velocity among the electrons at any given 
temperature is therefore governed by Maxwell’s law, but the velo¬ 
cities of the electrons are much higher than those of gas molecules 
at the same temperature on account of their very small mass. . T? s 
even at ordinary temperatures the electrons possess apprecw 0 
velocities. As these fast moving electrons try to get out of the 
metal, they experience an obstacle at the surface in the form o a 
potential barrier, which is positive with respect to a point outsi e 
the surface of the metal and which may be due to an electrical 
image force , i.e ., a positive charge induced by the negative charge 
attempting to escape from the metal. Hence in order to leave ® 
surface of the emitter the electrons must possess sufficient kinetic 
energy to overcome this surface barrier and only those electrons are 
ejected whose velocity in a direction normal to the surface is greater 
than that given by the relation \mv* = eV, when m, v and e are 
the mass, velocity and charge of the electron and V the potentia 
barrier. All others will be confined to the metal. 

Even at moderately high temperatures, the fraction of electrons 
having velocities greater that the limiting velocity is very small. 
But as the temperature of the metal is increased, the kinetic energy 
of the electrons will increase also, so that beyond a certain stage» 
i.e., at very high temperatures, a large number can escape from the 
metal. This process is similar to the evaporation of a liquid, where 
also, as the temperature of the liquid is raised, more and rnore 
molecules acquire sufficient energy to escape into the vapour above 
the liquid. If the electrons that have escaped from the metal are 
allowed to accumulate in the space above the metal an equilibrium 
will be established similar to the constant vapour pressure over a 
liquid in a closed vessel. Under these conditions the, number ot 
electrons leaving the metal equals the number that returns to it from 
the electron cloud above it. It is this electron cloud that is res¬ 
ponsible for tho space charge effect. By removing the escaping 
electrons from the neighbourhood of the emitter by means of an 
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electric field, the density of the space charge can he diminished and 
more electrons can leave the emitter. This is the part played by 
the applied voltage which is positive with respect to the filament in 
the experimental arrangement. By increasing his voltage the space 
charge effect is still further diminished with the consequent increase 
in thermionic current. If the voltage is great enough, then almost 
aa soon as an electron is emitted from the filament it is pulled over to 
the positive electrode and is not given enough time to form with other 
electrons a space charge. At this stage, since tho rate of emission is 
determined by the temperature of the filament and not by the appli¬ 
ed voltage, the current reaches a saturation value for the given 
constant temperature, though, in practice, there is always a slight 
increase of current as the voltage is increased further. 

The essential correctness of the theory lias been tested in the 
following two ways :—First, assuming that the velocities of the free- 
electrons in a metal are distributed according to Maxwell’s law, the 
fractions of electrons capable of escaping at different temperatures 
of the metal can be calculated applying the principles of kinetic 
theory. . If these are plotted against the corresponding temperatures 
a curve is obtained very similar to the experimental curve relating 
the saturation thermionic current with temperature (Fig. 39), which 
therefore justifies the initial assumption of the existence of a cloud 
of free electrons in the metal behaving like a perfect gas. Secondly, 
it the theory proposed is correct, the electron emission would result 
mthe cooling of the emitter, as in the analogous case of liquid 
evaporation. This effect also has been actually observed. 

l* v + ^^ardsotPs T 1 / 2 and T 2 formulae. Richardson in the 
ignt ot these results gave a quantitative treatment of the pheno¬ 
menon o thermionic emission on the analogy of evaporation from a 
liquid surface. Applying the principles of kinetic theory he obtained 

a relation between the thermionic current and the temperature of 
the emitter as follows :_ 

. . metallic emitter is imagined to be placed in an evacuated 

insulating enclosure at a uniform temperature. The electrons that 

are emitted will form an electron vapour, which will ultimately 

^ nng a ou an equilibrium between the number of electrons entering 

esur ace of the metal per sec. and those leaving it in the same 

time. Under these conditions, if n be the number of free electrons 

n uni vo ume of the metal and dn the number having a velocity 

component normal to the surface between u and u + du , kinetic 
theory shows that / 



n 

a Vn 




a iR a con8 *ant = V2fcT/m, (k being Boltzmann's constant and 
0 t e electron) and e tho base of the natural logarithm. 

= 1/2&T, a — 1 jy/hm. 


Putting h 
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Substituting this value of a in (1), we get 


dn 


n 


. */*=. 


- hmu2 

s • du 


...(2) 


The total number of electrons which strike the surface layer 


per unit area in unit time is I u . dn. 

Jo 


But since only those electrons whose velocity component normal 
to the surface is greater than v , where v is given by 1/2 rrtv 2 = eV 
(V being the potential barrier), can escape out of the surface, the 
number escaping from the surface per unit area in unit time is 


j u.dn* The thermionic current, which is equal to this number 

Jv 

multiplied by the electric charge e, is therefore given by : 


*00 

I = e, u.dn. 

J v 



eV 


ne 


V _JL_ . T x/ » .6 

2 WOT 


fcT 


A T 1 ' 2 


• * * 



where A = ney/k^l-mn and b = eV/k are constants and T the abso¬ 
lute temperature of the emitter. (It is assumed that n does not 
vary with temperature). 

This relation (3) fits fairly well the (I, — T) experimental curve 
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(Fig, 39) when A and b are given suitable values. But a gi&ph plotted 
from experimental data with (log I — ^ log T) against 1/T should, 
according to (3), give a straight line 
whose slope tan $ (i Of . Fig. 42) will be 
equal to ( — b) and whose intercept 
on the Y-axis equal to ‘log A’. The 
values of A and 6 thus obtained do 
not at all agree with those expected 
by theory. Other more fundamental 
difficulties arising from electrical con¬ 
ductivity in metals and specific heat 
of metals, which we have already , 
stated (Cf. pp. 102-3) oblige one to 
abandon the idea that the average 
kinetic energy of the free electrons 
in metals is equal to that of the gas 
molecules. 

Hence, later, Richardson, follow- 
ing up a suggestion first proposed by 

% (li , ffere l nt formula, known as the T 2 formula, based 
"f ,. ea that > lf the thermionic emission were assimilated to the 
evaporation of a monatomic gas, principles of thermodynamics could 

£ SSK t0 1 l and an 1 ex P ression for the thermionic current could 

ekctrL LldTthe metaT® “ y aSSUm P tionS about the 8tate of «»e 

emitted assumed that the electrons escaping from the metal 

£T= zsstbs . k,:" irt 

,o the proble ” “ d thoreby 

dp 



L = v T 


dT 


... (4) 


T v the ^ b f latent heat of vaporisation at the temperature 

from the mAtfi •‘‘i v ® ume acc °mpanying the transfer of the electrons 
occupLd bvThl ln , . the s P ace L ou tside, u., practically the volume 
the metal Jannn** f ctron . 8 the enclosure. Although the electrons in 
given above the i 6 a88lmdated to the molecules of a gas for reasons 
gas laws annlieH . ele . c * rons 0 “tside can be treated so and the usual 
behave as^* a r. r° * em ' 18 f° h® noted that the electron gas can 
small sothat^ e< i J w hen its pressure and volume are very 

cam!; neietS ^2 Z?' J?" • “u t0 the char ^ 3 0n the electron8 

for the elect™ f electron8are outside the metal at any time. Hence 
r tne electron gas outside the metal 

RT NJfeT 

P -— =-= nkT 


8 


... (5) 
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where N is the number of electrons in volume v, so that n is the 
number of electrons in unit volume outside the metal. 


If 9 is the change in the energy of the system accompanying 
the transfer of each electron from the metal into the space outside, 
the change in energy due to all the electrons that have escaped from 
the metal = n v 9 . Work is also done against the pressure in the 
transference, equal to pv. 

L = n v 9 pv •••( 6 ) 

Substituting* for L and p the values given by ( 5 ) and ( 6 ), 
relation (4) becomes 

n v .9 -f- pv — v T (nk T) 


or 


n<p 4 - p — T 


kT 42- + nk 


dT 


ny 

dn 

n 


- kT 2 ■ + nkT — p 


JfcT* 


9 


kT 2 


dT 


Integrating, log n = fr=j dT + constant 


n 


= c J(9/* T ) • dT 


C being a constant. 


dn 

dT 


... (7) 


Assuming that the electrons from the gas side which collide 
with the metal surface are all absorbed, and do not rebound, it 
follows that, when the gas is in equilibrium with the metal, the 
number of electrons which escape from the metal is equal to the 
number which collide with it. 


Since the average kinetic energy of the electrons in the electron 
gas is the same as for any other gas molecules at the same tempera¬ 
ture, the number of electrons N r colliding with unit area of the metal 
surface in unit time from the gas side is given by the same expres¬ 
sion, as previously, viz. 




-hm u z 

e 


. u . du . 


It is to be noted that (t) n here refers to the number of 
electrons per unit volume in the electron gas outside and not inside 
the metal as in the previous case, ( ii ) the lower limit of integration 
is zero, because there is no potential barrier opposing the entry of 
the electrons into the metal. Putting hmu 2 = x 2 



$ "* . x . dx 
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n 


n 

2Vt xhm 


V 7 T hm L ^ 

The < hermionic current I is given by : 

It 



V 


2t im 

Substituting for n from (7), 


I = C e 



&T J(?/kT).dT 


2nm 


By a thermodynamical reasoning, given by Richardson 
be shown that 

9 = 9o + I &T approximately. 

Using this relation, 


... (8) 

, it can 

... (9) 


9 




dT 



dT j 



dT 

T 


• * 


= - Kr + 3/2 lofiT T 

j(9/fcT2) . dT = ( - 9o /CT . 


and 


I = C e 


A' T 



ifcT 


- < Po/* T 


27rw 

-6'/T 


3 

. T* 


... ( 10 ) 

A and t nf and 6< = ?o/* are constants, different from 

the previous (3, ‘ Here * 18 P ro P ortional to T 3 /*, unlike in 

more fiTXu &t 3l C i! ardson ’ 8 T " formula, which is probably 

oEteLT bv X ndent °o T - Further > from the ^perimental data 

measure I at diff™ 88 .?’ Germer and Schlichter, who were abie to 

values ofV = /loe ^ATC/X^X 8 f ° r i pl f tinUm and tun g®ten, the 
thSeby that Thl Ue ^ T *7* t0 be a11 nearl 7 ^ a >. indicting 

than the T*/* formula ° rmU a represent8 experimental facts better 

the classicaftW.^*' 1 .’ ho ^ ve y® r > that it is not possible on the basis of 
for the following reasons ^ defimtely betwee « the two formulae 

at which electron 6 ^ measi ^ re acc urately the high temperatures 

Owing to the fact that°?v, a ^ 6S B ace ^ rom me tal surfaces, (u) 
influence than thft nth + e ^ x P onen tial term has a much greater 
can be made to^fit ttZ ^ de P e ^ din g upon T, both the formulae 
adjustment of the conqt^? 61 ^ 111 /^ 1 * 1 ^^ da ^ a ec l ua ^y We B by a suitable 

^ WI plteiX ofilnP 5°" the P T* ° f th “^ 

I P x kinetic theory can be applied more ade- 
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quately to the electrons outside than to those inside the metal, yet, 
if the approximate relation (9) had not been used, even the applica¬ 
tion of the thermodynamic theory of evaporation would have led 
only to the T 1 / 2 formula. 

A new conception based on a new type of statistics, quite 
different from the classical Maxwellian one, was required to solve the 
problem adequately, as we shall see in the chapter on statistical 
mechanics* It is interesting to note that this new method of 
approach has incidentally decided in favour of the T 2 formula. 

Thermionic work function. Taking the relation 

I = A'T 2 c’ 6 /T 

there is some evidence that the quantity A' is a universal constant 
for clean metal surfaces. The thermionic emission is therefore deter¬ 
mined by the term e‘ 6 '/ T . Writing it as e“* 6 '/* T , and put- 

ting kb' = w, we get e U ’^ T . The quantity w is then the energy 
which an electron requires to escape from the surface of the metal. 
This energy may be expressed in terms of the potential drop <f> at 
the surface by putting w = e<f>, where e is the charge on the electron. 
Ihe name “thermionic work funotion** is given to w or because 
it represents the amount of work done by the electron against the 
potential barrier at the surface of the metal. In terms of the theory, 
it represents that part of the latent heat of evaoor&tion, which is not 
concerned with the supply of kinetic energy to the electrons in the 
vapour phase or with the work of expansion. It is customary to 
express its value in volts, t.e., is expressed in volts and is usually 
y order of 4 to 6 volts. The value of the work function is 
greatly affected by the impurities on the metal surface caused by the 
adsorption of atoms or molecules of the surrounding gas. Hence in 
he experimental determination of the thermionic work function 
care must be taken te “outgas” the emitter by baking it for hours 
at high temperature in the best vacuum. 

Calorimetric measurement of the work function. Atten¬ 
tion was first drawn to the possibility of determining work functions 
calorimetrically by Richardson. The filament (e mi tter) formed one 
arm of a Wheatstone bridge. After obtaining the balance in the 
bridge with the filament at a certain temperature when no thermio¬ 
nic current flows, saturated space current was drawn and tbe heating 
energy supplied to the filament was increased until the bridge again 
balanced. The amount of this increase was taken to be equal to the 
heat lost by the filament on account of the evaporation of electrons 
and the work function was calculated on this basis. 

Contact potential difference. The work function <f> is inti¬ 
mately related to contact potential difference. Considering two 
parallel plates of different metals connected by a wire of the same 
metal as that of one of the plates, suppose an electron is taken from 
a point inside one of the plates through the wire into the other plate, 
and then across the space between the plates back to its original 
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position. The total work required to take the electron round this 
path with negligible velocity must be zero. Hence, if V 1 and V 2 be 
the potentials just outside the plates, and <f> 1 and the work func¬ 
tions of the two plates, neglecting the small P.D. at the junction of 
the metals, the work iequired is 

i — ^ 2 ) + c (V, —Vj) = 0 

But V 2 - Vx is the contact pontential difference between the two 
plates. 

Therefore the difference between the thermionic work functions 

for two metals is nearly equal to the contact potential difference between 
them. 


The contact potential difference arises very probably due to 
some chemical action between metals and the surrounding medium 
and is not to be confused with thermoelectric effect, which is an 
intrinsic property of the material and hence not to be attributed to 
the surface films of foreign ma*tter. 

Space charge effect# When the applied voltage is not enough 
to produce the saturation value of the thermionic current, the latter 
varies with the former. If, for instance, the current value is only 
one half of the saturation value, then half the electrons emitted by 
the filament get across to the positive electrode and half return to the 
wire. The negative charge on the electrons in the space around the 
filament modifies the electric field, upsetting its uniformity, and 
actually reverses it near the filament, so that the electrons coming 
out of the filament have to move a certain distance in a field which 
tends to stop them. Only those which have sufficient kinetic energy 
are able to get through this region, in which the field is reversed, 
^ ile the rest are driven back into the emitter. This is known as the 
space charge effect . We shall now study the nature of the thermionic 
current, when it is under the influence of this space charge effect, as 
it is of practical importance in connection with thermionic valves. 

* <F°* r sa ^ e 01 simplicity, let us consider the particular case of 
an infinite plane metal plate emitting electrons and an infinite piano 
collecting positive plate, arranged parallel to each other, separated 
y a istance. If the X-axis be taken along the normal to the two 
p ates, with the origin at the emitter, the distribution of the potential 
is given by Poisson’s equation : 


d*V 
dx 2 


= — 4 nne 



where V is the value of the potential at a point x from the origin 
} irom the emitter) and ne the density of the space charge, n 
tt nUn electrons per unit volume and e the charge on 


nil 1 Cn X 18 S rea ^ er than the limit, in which the field is reversed, 
t . e e # cctrons present will be moving away from the emitting plate, 

• . 1 eir av crage velocity at the limit is t>, we get for the ther¬ 

mionic current the relation : 


I 



wer 
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The average velocity v is given by the relation : 

V* mv<l = — «V .-.(3) 

( 9 ign J since in the region of the reversed field V is negative). 

Eliminating n and v from the three equations, we get 



* 

and on integrating, this gives 


m 

2eV 



— 8 71 I 



2 mV 


+ constant 


To determine the constant, we use the condition, that 
dV / dz — 0 when V — 0, since in the state of equilibrium the field 
is zero in the nighbourhood of the emitter, i.e ., when z — 0. Hence 
the constant is zero. 


• * 



dV 

dz 



Integrating this again, and putting V 


0 at x = 0, we 



r J~2e V 3 / 2 

= V ^ = 2 33 X 10 ' 6 (V 3/2 /* 2 ) -W 

where I is the current density per sq. cm., and V the potential in 
volts at a distance of x cms. from the emitter. From the relation we 
soe that when the thermionic current is limited hy the space charge 
it should vary as V 3 / 2 and inversely as x 2 . Experimental results con¬ 
firm this conclusion fairly well. The current is found to increase 
nearly as V 3 / 2 until it is nearly equal to the saturation value, after 
which it remains almost constant when V is increased further. 


If, instead of two parallel plates, two concentric cylinders, the 
inner one emitting electrons, are considered, similar theoretical 
results are obtained, as was shown by Langmuir, who derived for 
this case the relation : 


I = 


2y2 



ya/2 


.(5) 


9 * y m 

where r is the radius of the outer cylinder, which should be fairly 
large compared to the radius of the inner (about fifteen times or 
more). Eushman bas been able to confirm experimentally the pro¬ 
portionality of the current and | power of the applied potential 
using relation (5). Further, the value of ejm estimated by means of 
the above formula has been found to be 1*75 x 10 7 e.m.u. in 

excellent agreement with the value obtained by other methods, thus 
confirming theory. 

Langmuir has also shown that the law I — KV 3/2 holds not only 
for cylindrical field, but also for fields of any form whatsoever, pro¬ 
vided the emission is intense enough to bring into action the mutual 
repulsion resulting from the space charge. 

It may be noted that when the current is limited by the space 
charge it is independent of the temperature of the emitter. 
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Some allied phenomena. Before concluding this section on 
thermionic emission we shall briefly deal with some of the allied 
phenomena, such as the Schottky effect, cold emission and the Shot 
effect, which are of practical interest. 

The Schottky effect. We have seen that the thermionic 
current never really reaches saturation, an increase in the applied 
voltage being always accompanied by a slight increase in the current. 
Schottky was able to show that a lowering of the work function due 
to an increase 0 ! the applied field tfas responsible for such a be¬ 
haviour, which, in consequence, has been named after him the 
‘Schottky effect’. 

Considering the origin of the surface barrier in thermionic 

emission, Schottky argued that it must be due to two causes, viz., a 

polarisation field and an image field. At the surface layer, each atom 

will, by reason oi the absence of similar atoms beyond, be acted by 

a system of unbalanced forces due to its neighbours. These forces 
* * * 

give rise to a polarisation of the surface atoms and this polarisation 

field extends to a distance of a very few atomic diameters from the 

surface. There is also a second and more important field, which is 

created by the electrical image of the electron in the surface, as it 

emerges from the emitter, and this field attracts the emergent 

electron back towards the emitter. The image field persists up to a 

distance of the order of 10 6 to 10" 5 cm., i.e. f something like a 

hundred atomic diameters from the surface. Thus the potential 

barrier which an escaping electron has to surmount is practically due 

to the image field, and hence determinable by the use of electro¬ 
static law. 

If a plate raised to a positive potential is held near the emitter 
the electrons will be attracted towards the plate, and hence there 
will be a point near the surface where the electrical image force 
will bo counterbalanced by the external forces due to the applied 
voltage. All electrons that have enough energy to reach this criti¬ 
cal point will escape from the emitter. As the applied potential is 
increased the critical point will move nearer to the emitter so that 
electrons of less energy can reach it and thus oscape. This means 
t at an increase in the external positive potential effectively reduces 
t e thermionic work function, thereby increasing the emission. 

derived a quantitative expression for the effect as 


Schottky 
follows :— 


, ^ a distance x from the surface of the emitter, that is suffi- 

cient y great for the atomic structure of the surface to be disregard- 

° K* if'* P°l ar ^ sa ^ on Hold becomes negligible), the force with 
T , an . electron ( e), if not moving too rapidly, is attracted by 

its electrical imago ( + e) in the surface is 

If a: 0 be the point at which the image field is balanced by the 

?? e I n ? a PPfi e< I fiold, the work function, on account of presence of 
the field will, be reduced by an amount * 

f" e2 e 2 

J*o 4 * 2 ■ dx = 157 


* * * 


( 1 ) 
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Since the applied field will also cause a diminution in the image 
field, if E is the strength of the applied field, there will be a further 
reduction in the work function, equal to 


by : 


eEi 0 ...(2) 

Hence the total reduction caused by the applied field is given 


Aw = e 2 /4x 0 + eE x 0 

The position of the critical point is given by : 


cE — 


4V- 


A W — 


+ 


4a?0 4 xq 




From (4), x 0 = (e/E)^ . Substituting this value 


A w 


H 

* E 




' —(3) 


...(4) 


•*(5) 


Hence in the emission formula I — A' T 2 e ” ? the w ork 
function w is given by — a w, where w 0 is the work, function in 
the absence of the applied field. 

If I 0 is the current in the absence of the external field, I the 
current in the presence of the field E, 


A' ^2 e “( w o — A 


A 


I = 


I 0 * 


A' T 2 z 
e Bh E 1,1 /* T 


...( 6 ) 


The first to test this relation was Schottky himself. Taking 
logarithms and substituting numerical values for e and k, log I == 
lo 4- 1*906 E 1/2 /T, where E is expressed in volts per cm. Plotting 
log I against (E l ^ 2 /T) from experimental data, the graph was found 

to be a straight line, whose slope agreed fairly well with the theore¬ 
tical value. 


According to relation (6) a field of about 200 volts per cm. 
increases the emission by 10%. 

Gold emission. If the external field strength is very consi¬ 
derably increased, Schottky effect gives place to a now phenomenon 
where electrons are emitted even at low temperatures of the emitter. 
This is known as “cold emission** or “field emission”. Fields greater 
than 100,000 volts per cm. are normally required to produce this 
cold emission. Hence such an effect would not be of any ^.practical 
importance, but for the additional finding that if the external 
electrode which produces the field is constructed with a thin layer 
of copper separated from a thick copper base plate b 3 r a film of semi- 
conducting oxide of copper (Cu 2 0) which acts therefore as a metal 
rectifier, the application of even a few volts produces cold emission. 
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i t has been shown that the intensity of cold emission current is 

given by the relation I = a E a e , where a and b are constants 
for a given metal, E the field strength. As can be seen from the 
expression, I is independent of the temperature of the emitter. 

The shot effect. Since the thermionic current results from 
the ejection of electrons, the phenomenon is better conceived as a 
shower of charged particles than as a stream of continuous fluid. So 
it is reasonable to expect statistical fluctuations of the thermionic 
current in any given interval of time. The smaller the interval, the 
greater are the possible fluctuations in the number of electrons eject¬ 
ed. The fluctuations can be considered as a small alternating 
current superposed on the mean direct thermionic current- Schottky, 
who first suggested this aspect of the problem, called it the “shot 
effect”. An analysis of the fluctuations of thermionic emission by 
statistical methods shows that the average fluctuation of charge 8 in 

an interval of time t is given by 8 — y/cejt. where c is the mean 
direct current and e the charge on the electron. 

This relation offers a means of measuring the charge e on the 
electron and its verification lends support to the conception of atomi¬ 
city of electricity. The shot effect is of great importance in the 
construction of thermionic valve amplifiers as it sets an upper limit 
to the degree of amplification attainable in such cases. 

PHOTOELECTRIC EMISSION 

, Introduction. Photoelectric emission is the phenomenon, in 

wn ~ a S^od number of substances chiefly metals, under the influ¬ 
ence of radiation, such as *f-rays, 

X-rays* ultraviolet and even visible light, 

emit electrons. It was first discovered 
m 1873 by a telegraph operator, W. 
ornith, who, using selenium resistors in 
the apparatus for the measurement of 
the resistance of trans-Atlantic cables, 
observed that when sunlight fell upon 
©fie resistors the current in the circuit 
varied considerably. In* 1887, Hertz 
observed the same phenomenon accident- 

a . y ^^ile working with resonance electric Fig. 43. Apparatus for the 
circuits* in connection with electromag- study of photoelectricity. 

netic waves. He found that when 

u» ra violet rays fell on a spark gap the sparks passed more 

S1 y. A year later, Hallwachs, Elster and Goitei investigated the 

rK W ^ l , en ?^ ienon announced by Hertz with a simple arrangement 

r ^ an( ^ established most of the fundamental charac¬ 
teristics of photoelectricity. 

hulh Z * n ° P^ a ^ e3 ^ an< ^ H were placed ih an evacuated quartz 

n u an , connected to ® battery E and galvanometer G. When 

term T 10 . 6 ** fell on the plate A which was connected to the negative 

ma o the battery, a current was found to flow as indicated by the 
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galvanometer. But when the light fell on the positive plate B there 
was no flow of current. This proves that not only a negatively 
charged body loses its charge when irradiated with ultraviolet light, 
while no such effect occurs with a positively charged body, but also 
the ions emitted from bodies which lose charge under the action of 
light must be negatively charged, for, the observed current can be 
explained only by the fact that the negative ions emitted by the 
negative plate are attracted towards the positive plate and thus cause 
a flow of electricity. Since the effect is produced under the influence 
of light, it is called photo-electric effect , (photo — light) and for the 
same reason the nagative ions and the resulting current are known as 
photoelectrons and photoelectric current respectively. 

When plates of different materials were used it was found that 
zinc, magnesium, lithium, sodium, potassium and rubidium responded 
photoelectrically to ultraviolet light with increasing order of sensi¬ 
tivity. The alkali metals, sodium, potassium and rubidium, were 
sensitive even to ordinary visible light. This shows that the photo¬ 
electric emission depends upon both the nature of the emitter and the 
quality of light used. It was also established in these initial experi¬ 
ments that the photoelectric effect takes place even in the highest 
vacuum, which shows thot the gas surrounding the emitter plays no 
essential role in the effect. 


Experimental study. After the existence of the photoelectric 
phenomenon and some of its peculiar features had been thus estab¬ 
lished by the simple 
experiments of Hallwachs, 
Elster and Geitcl, workers 
such as J. J. Thomson, 
Lenard, Richardson, Com¬ 
pton and others under¬ 
took a wide series of de¬ 
tailed researches to fix up 
many other important 
factors connected with the 
phenomenon, such as the 
precise nature of the nega 



Fig. 44. Lenard’s apparatus. 


ive ions emitted,^ the relation between the photoelectric current and 

the intensity of light used, the velocity and energy of photoelectrons 

and their dependence on the wavelength of the light used, etc. We 

ere a very brief account of these experiments, stressing 

chiefly upon those which establish the fundamental laws that govern 
the phenomenon. 


1 • Nature of the negative ions emitted. The apparatus used 
by Lenard is shown in Fig. 44. A glass tube which could be exhausted 
to the highest attainable vacuum through a side tap T contains an 
aluminium cathode C which may be irradiated by ultraviolet light 
from a spark S filtered by a quartz plate Q. C could be raised to 

P °, . n u a1, p ° sltlve ° r negative. A metallic screen A with a small 
a e c ®u re and connected to the earth serves as the anode. 
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P t and P 2 are* small metal electrodes connected to electrometers 
Ej and E 2 . 

When C is charged to a negative potential of several volts and 
irradiated, negatively charged particles are liberated and accelerates 
towards the anode A, being repelled by C. The central hole in A 
isolates a beam o the charged particles, which proceed thereafter at 
uniform velocity to the electrode P x , their reception there being 11 ch¬ 
eated by the electrometer Ej_. Put if, by means of suitable electro¬ 
magnet represented by the dotted circle, a uniform magnetic field 
at right angles to the plan© of the figure and directed towaids the 
reader is established in the region between A and Pj the ions will be 
deflected upwards in a circular path and, with the held strength pro¬ 
perly adjusted, can be made to strike the electrode P 2 , which will be 
indicated by the electrometer E 2 . 

Lenard, in order to eliminate the eifect due to the velocity 
imparted to the ions in the actual act of emission, starting with the 
cathode potential several volts posi¬ 
tive when there was no photoelectric 
current, reduced it step by step. 

When the value reached about 2 volts 
positive, a small current was obser¬ 
ved. This indicated that the ions 
were net simply freed from the 
cathode but that some of them at 
least were ejected with sufficient 
velocity to overcome a retarding 
potential of 2 volts. A negative 
potential V, very large compared with 
the potential of 2 volts which just 
starts the photoelectric current, is 
iH i applied so that the initial velo¬ 
city of emission can be neglected 
and all the ions may be assumed to 
acquire, when they arrive at A, the 
same velocity v due solely to the 
potential applied between C and A. 

The ions on reaching A will then have 
a kinetic energy given by 

eV — 1 ] z mv * 

where e and m are the charge and mass of the ions respectively. 

If now, the ions, after leaving A are subjected to a uniform 
magnetic field, the circular path traversed by them is determined by 
the relation Hev —mv % fr ... (2) 

where H is the strength of the field just necessary to cause the ions 
to reach P 2 and r the radius of the corresponding circular path, 
which can be calculated by measuring the distance of Pi and P 2 
boti) t lie central hole in the anode A. 

I rom (2) v = H erjm. Substituting this value of v in (1), we get 
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Knowing V, H and r the value of e/m can be calculated from the 
above relation. 

The experiment can be repeated by varying V. In this way 
Lenard obtained for e/m a mean value of 1*2 x 10 7 e.m.u . in approxi¬ 
mate agreement with the value obtained for the electrons by other 
methods. The experimental technique did not permit better results. 
Later work in 1912 by Alberti gave a more correct value 1*765 x 10 7 
e.m.u., which definitely confirmed that the ions emitted in the 
photoelectric phenomenon were identical in nature with electrons.* 

The velocity v of the photoelectrons can be calculated either 
from equation (1) or (2) substituting the. value of (e/m). Lenard 
found that for higher voltages of the order of several thousands of 
volts the velocity was a substantial fraction of that of light. 

2 . Dependence of the photoelectric current upon the 
intensity of illumination. Lenard with his apparatus was also 
abk to establisn that, as long as there is no change in the spectral 
quality of the light causing the emission of photoeleetrons, the 
photoelectric current is directly proportional to the intensity of 
illumination on the emitting surface. Subsequent researches by 
Els ter and Geitel confirmed this law of proportionality and showed 
that it holds rigorously over a wide range of intensities. 

If the photoelectric current be I, since each photoelectron 
carries a charge e the number of photoelectrons emitted per second 
is I/e. As.experiment shows that I is strictly proportional to th© 
intensity of illumination, it follows that, e being a constant, the 
number of photo el ectrons emitted per second is strictly propor¬ 
tional to the intensity of illumination. The photoelectric current 
attains however a 1 * sat ration” value for a given P.D. between th© 
irradiated plate and auxiliary electrode used to clear away the 
photoelectrons as they are ejected. 

3. Velocity and energy of photoelectrons. Lenard made 
also another important discovery in the course of his experiments. 
Observing the retarding potential on the emitter against which 
the photoelectrons could move, he found that the emission velocity 
and kinetic energy of the photoelectrons could vary from zero up to 
a certain maximum value. The value of this maximum was inde¬ 
pendent of the intensity of the light but dependent upon the wave¬ 
length used and the nature of the emitter. From Lenard’s time this 
question of velocity and energy of emission-photoelectrons has been 
the subject of many investigations. The experiments conducted by 
Richardson and. Compton in If) 12 may be considered as the most 
successful among them, both on account of the delicate and careful 



PHOTOELECTRIC EMISSION 


125 


arrangement used to eliminate all spurious effects and in view of the 
accurate and important results obtained, which enabled them to 
clear up a number of previous discrepancies. 

Richardson and Compton experiments . The apparatus used i 9 
shown in Fig. 45. The emitter of photoelectrons, C, a very small 
strip of the metal under study, is 
placed at the centre of a spherical 
glass bulb B, about 10 cms. in diame¬ 
ter and silvered on its inner surface. 

C can be raised to any desired poten¬ 
tial by a potentiometer arrangement 
and the value of the applied potential 
read by a voltmeter V, The bulb is 
evacuated through the side tube T. 

Monochromatic light L, whose inten¬ 
sity can be varied in a known manner, 
is made to pass through a quartz 
window W and fall on C. The silver 
coating on the inside of the bulb 
serves as the anode A and is connect- 

ed to an electrometer E by means of which the photoelectric current 
is measured. 

The large spherical anode with the small emitter at its centre 
serves two important purposes. First, since the electric * 1 ’ 



Fig. 45. Richardson and 
Compton apparatus. 
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around C, is nearly radial, 
it is possible to measure 
the energy distribution of 
the photoelectrons irrespec¬ 
tive • of the direction of 
emission. This enables the 
“total energy** to be deter¬ 
mined as against the “nor¬ 
mal energy” measured in 
the case of parallel plates 
being used for electrodes. 
Secondly, the impact of the 
photoelectrons on the 
anodes causes a diffuse 


* y ° 9 v- 

46. Retarding potential curve. 

ftn ,; 00 . r „ anuues causes a amuse 

caso of n r °i? i t °^ a cer ^ a * n number of photoolectrons. In the 

the p'Lth^ a f a 6 ^ e *u C ^ r< i^ eS a cons * derft kle portion of these returns to 

electric current But S in V th A CUrrent n0t thereforc the true P hoto ‘ 
these' , n the P resent arrangement only a few of 

centre o^h er ? d P hotoe ] ectrons reach the small cathode C at the 
nccliinhip e T ? r ^ e . an ^ e and the error in the observed current is 
for the PAnt ereis, however, an important correction to be made 
e contact P.D. between the cathode and the silver anode. 

the nlmtr^? rd * Sf * n and Compton first studied the relation between 

the Lthodr e p iC f C v! lr 4 ent .i I and the retardin S potential V. Irradiating 

wi strictly monochromatic light of a given intensity 
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the potential cn the cathode was varied from a few volts positive 
up to zero and negative values. The strength of the photoelectric 
current I at different values of V was measured with the electrome¬ 
ter. The observations were repeated with the intensity of illumina¬ 
tion doubled, trebled, etc. When the results were plotted, I against 
V, curves were obtained as shown in Fig. 46. For a given inten¬ 
sity of illumination (X 5 ) there is no photoelectric current when the 
positive potential on the cathode is greater than a definite value 
+ V 0 . At potentials just less than + V 0 , a small current is observ¬ 
ed and as the potential decreases to zero the current rises rapidly 
to a maximum value w'hen V = 0. No further increase is observed 
when V becomes negative. On doubling the intensity of illumination 
(X 2 ) a second curve is obtained, similar to the first, the maximum 
current also being doubled. The critical potential -{- V 0 , however, 
at which the current starts is exactly the same as in the first case. 
When the intensity of illumination is increased threefold (X 3 ) the 
corresponding maximum current increases proportionately but again 
there is no change in V 0 . Thus it is seen that while the maximum 
current I w is proportional to the intensity of illumination X, the 
critical potential V 0 is independent of the intensity. 

These results are readily interpreted on the assumption that 
for a given emitter and for light of a given wavelength (monochro¬ 
matic), photoelectrons are emitted 
with initial velocities varying from 
zero up to a certain maximum value. 
For, considering any one of the ex¬ 
perimental curves, since there is no 
photoelectric current for retarding 
potentials greater than V 0 , the maxi¬ 
mum velocity attainable by the 
photoelectrons under the given condi¬ 
tions is given by imv m z = eV 0 , where 
e, m and v m are the charge, mass and 
maximum velocity of the photoelect¬ 
rons respectively. When the retarding 
potential is between V 0 and zero, only 
reach the anode, for which £ mv 2 > eV, 
where v is the actual velocity of photoelectrons, evidently less than 
When the potential V applied to the emitter is zero, all photo- 
electrons freed with any velocity greater than zero reach the 
anode. For small negative values of V, since there is no appreciable 
increase of photoelectric current, it follows that small electric fields 
play no important role in initially freeing the electrons from the 
emitter ; of course in such cases the photoelectrons will be acctlcfcd- 
td so that they reach the anode with a velocity greater than that 
with which they leave the emitter. Thus we see that the velocity and 
energy of emission of the photoelectrons are given by the retarding 
potential values from V 0 to zero and that in consequence there is a 
velocity and energy distribution among the photoelectrons in the 


Y 



Fig. 47. Energy distribution 
curve of photoelectrons. 
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actual act of emission, varying from zero up to a certain maximum 
value. 

Since the rate of emission of photoelectrons at any retarding 
potential V is given by I/e, where I is the photoelectric current at 
V and e the charge of the photoelectron, it can be easily shown that 
the slope of the experimental curve at any point between V n and zero 
is proportional to the number of photoeleetrons possessing energy 
corresponding to the value V at that point. A curve plotted with 
these slopes as ordinates and the corresponding values of e\ T as 
abscissae gives the “energy distribution” curve for photoelectrons 
whose general form is shown in Fig. 47. It is seen that in a photo! 
electric stream emerging from an emitter there are electrons nossess- 
mg energies varying from zero to a maximum value of eV 0 . ‘ 

Richardson and Compton next studied the more 

relation between the velocities of photoelectrons and the 
ot light as follows : 

length^ 8 \ ng i Se T a ^ d l ffer0n \ m ° nOchrOmatic Nations ot wave- 

A 3> etc. to irradiate the emitter successively, in each 

'y case the photoelectric 

current I for different 
values of voltage applied 
to the emitter was deter¬ 
mined. When the results 
were plotted, I vs. V, 
curves of the type shown 
in Fig. 48 were obtained, 
provided the intensities 
of illumination had been 
so adjusted as to give the 
■«. - 0 V"” same value for saturation 

ig. 48. Frequency v&riation curves. current in all cases. 
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0 ^ ’o 2 <7 V 0 3. Hence as the 
ayelength of light increases the 
critical retarding potential de- 
creases. This means that the 
maximum kinetic energy of the 
photoeleetrons. given by 

V 2 mv„* - eV 0 , 

increases with increasing fre¬ 
quency of the light which causes 
he emission. Since it has already 

dent nf+u Wl ! that is indepen- 

dent of the intensity of illumina- 

rnni>i ^ arrive at the important 
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are independent of the intensity of illumination, but dependent on 
the frequency of the incident light. 

A very simple relation has been found to exist between the 
maximum energy of emission and the frequency of the light. If the 
value of the maximum energy given by eV 0 is" plotted against the 
corresponding frequency v of the light, (Fig. 49), a straight line is 
obtained which has an intercept v 0 on the frequency axis. The 
meaning of this intercept is that light of frequency less than v 0 
cannot cause photoelectric emission from the emitter concerned. 
The quantity v 0 is characteristic of the emitter varying from sub¬ 
stance to substance and is known as the “thresholdfrequency” , as is 
represents the beginning of the photoelectric activity of the emitter. 

The equation of the straight line curve may be written as 

eV 0 = h (v — Vq) 

where h is the slope of the curve, a constant. 


But 



where m? 0 — which is known as the photoelectric work function. 
This equation has had a very interesting history and is one of the 
most fundamental equations of Modern Physics. It is known as 
Etnstein s photoelectric equation , since it was first proposed by 
Einstein on purely theoretical grounds as a result of the application 
of Planck’s Quantum Theory to the photoelectric process. We shall 
study this equation more in detail when we deal with the Quantum 

Theory of radiation. It is enough to note that it has been derived 
here from strictly empirical data. 

4. Spectral distribution of the photoelectric effect. 

Experiments show that the yield of photoelectrons from a surface, 

i.c ., the number of photo¬ 
electrons emitted by a sur¬ 
face, referred to the same 
amount of absorbed energy» 
depends very much upon 
the wavelength of the inci¬ 
dent light. In this connec¬ 
tion it is usual to speak of 

two kinds of photoelectric 

effect, viz., the normal m 
which the electron yield in¬ 
creases with increasing fr 0 ' 
quency of light and the 
selective in which the yield 
exhibits a maximum at a 
particular frequency. 

The normal photoelectric effect is the one we have so far des¬ 
cribed and its relation with wavelength of incident light is shown m 
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Fig. 50, where the ratio of the photoelectric current to incident lighl 
intensity is plotted against the wavelength. It is seen that tin 
photoelectric yield increases with decreasing wavelength, hence witl 
the increasing frequency of the incident light. 

The selective photoelectric effect exhibited by some metals 
chiefly the alkalis and alkaline earths and their alloys, is usually 
superimposed on the normal effect as a well-marked maximum o 
photoelectric sensitivity at a particular wavelength and for a parti 
cular state of polarisation of the incident light. This was firs 
observed in 1910 by Poll! and Pringsheim, who working with polishes 
mirror surfaces of the y 

alkali metals, obtained i 
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to some sort of fatigue, at a time when the action of surface contami¬ 
nation was not fully explored. Now it has become evident that the 
“fatigue” effects are due either to the slow oxidation of the surface 
which results in an increase of the photoelectric work-function with 
the corresponding decrease in the yield of the photoelectrons, or to 
the ionic bombardment of the surface by the positive ions created in 
the surrounding gas by the photoelectrons, which produces changes 
in temperature at the surface and thereby alters the nature of the 
surface. This second cause of “fatigue” arises not with pure metals 
but with metals coated with a surface him. 

7. Photoelectric effect in non-metals. The photoelectric 
effect is produced not only from metallic surfaces but also in non- 
metals, liquids, vapours and gases. Some metallic oxides and sul¬ 
phides are photosensitive even when dry while other metallic 
compounds must be moistened to become so. A good number 
of organic compounds emit photoelectrons either in the solid state or 
in solution. Radiation of high frequencies such as X-rays is required 
to produce the effect in gases. The photo-activity of gases is known 
as photo-ionisation, as the activity results from the ionisation of the 
atoms of the gas. When the incident radiation has sufficient energy 
to remove an electron from the atom, a free electron and a positive 
ion appear. Experimental work on photo-ionisation in gases is beset 
with many difficulties and so far only some reliable results have been 
obtained, 

8. Photo chemical reactions are due to photoelectric emis¬ 
sion. The photographic plate is a practical application of such a 
reaction. The silver salts which are found suspended in a gelatine 
solution on the photographic plate are strongly photo-sensitive. 
Light falling on the plate produces ionisation which forms an in¬ 
visible image of the object photographed. The latent image is not 
permanent ; hence it has to be developed and fixed with suitable 
reagents. Otherwise, it will disappear slowly when the photoelectrons 
produced in the irradiation process and trapped in the emulsion 
combine again with the parent atoms. 

The act of seeing appears to be a simple photoelectric effect as 
there is some evidence of electrical changes in the retina when the 
eye receives light. 

9. The inner photoelectric effect. The photoelectric effect 
so far considered is mainly a “surface’* effect, but an inner “volume** 
emission of electrons may be produced if the incident radiation is 
capable of penetrating into the interior of the body. This liberation 
of electrons inside a dielectric (insulator) or a body with a high resist¬ 
ance (semi-conductor) results in an increase of specific inductive 
capacity or of conductivity. This effect, known also as photoelectric 
conductivity, was first noticed in selenium, as we have already seen. 
It is also found in rock-salt, fluorite, quartz, paraffin, etc., when they 
are irradiated by X-rays. The electrical conductivity of sulphur 
illuminated by X-rays may be- increased hundred times. Thallium 
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sulphide changes in specific conductivity under the action of visible 
as well as infra-red light. It should be noted that there is no electron 
emission in this inner effect, unlike in the case of normal outer 
surface effect. Both the inner and outer photoelectric effects have 
been made use of in the construction of photoelectric cells. 

Theoretical explanation. The important conclusions arrived 
at by the experimental study of the photoelectric phenomenon may 
be resumed as follows : 

(a) The strength of the photoelectric current is directly proportion¬ 
al to the intensity of the incident radiation. The more intense the 
light used, the greater is the number of electrons ejected and hence 
the stronger the current that results. The efficiency of emission 
of photoelectrons, although dependent to a certain extent on the 
nature of the emitting surface and the wavelength of the radiation 
used, yet is generally low. Rough computation shows that even in 
the case of a good photosensitive metal, like sodium, only one in a 
hundred million atoms emits a photoelectron at any particular 
instant. 


(6) The velocity and hence the kinetic energy of photo electro ns are 
independent of the intensity of the incident radiation , but strictly 
dependent t with a direct proportionality , on the frequency of the incident 
radiation. Whatever be the intensity of the light used, the veloc ity 
and kinetic energy remain the same provided the frequency of light 
remains unaltered. But greater the frequency greater is the velocity 
of the photoelectrons and likewise lower the frequency smaller is the 
velocity. There exists > however, a minimum frequency, the thre¬ 
shold frequency, v 0 , which varies with the nature of the emitter used. 
Light of irequency lower than the threshold value can never free 
photoelectrons from the emitter, no matter how long it falls upon 
the surface or how great its intensity. 


(c) Photoelectric emission is an instantaneous phenomenon. There 
has never been observed any time-lag between the beginning of 
irradiation and the starting of the photoelectric current. Indeed, 
precise measurements have shown that, if there be any time-lag, it 
is not more than 3 xlO~® second. 


u c \ aS8 ^ ca ^ electromagnetic wave theory of radiation is found 

a ogether incapable of explaining the above-mentioned sure 

facts. For, in the first place according to it, light 
w ion is constituted of electromagnetic waves, passes over all the 
atoms of the emitter and radiant energy is distributed continuously 
over the whole wave-front and hence there is no reason why one 
a m rather than another should be affected and made to emit an 

tV^A r °ir* r* e out of one atom in a hundred million from 

» s . u wu °* 80c ^ UGa ^ or instance, is inexplicable on the basis of the 

Secondly, the expulsion of electrons, according to 

fitiatfl a T?’ ^ ue strength of the electric field which 

to U a ^ waves. Now, since the intensity is proportional 

ahnulri vf * strength, on increasing the intensity, the field strength 
e increased, which would, in consequence, eject electrons 
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^ r ^ a ^ er ve l 0C] ty and energy. This is, however, contray to 
o serve acts proving the independence of the velocity of photo- 
e ec rons from the intensity of light. Thirdly, considering the source 
o energy of photoelectrons, experimental facts strongly suggest that 
the photoelectrons derive their energy from the incident light. If 
a is e case, it must be that the parent atom absorbs the energy 

iT light and hands it over to the photoelectron. But 

on le asis of the classical theory, it can be shown that it would 
a £e ours and even da} T s for an atom to absorb enough energy from 
an inci ent wave-train of visible light of moderate intensity to supply 
the energy with which the photoelectron is actually ejected; yet 
experiment shows that the emission of the energised photoelectron 
f eS u a ^ rao *l i instantaneously. Finally, the existence of a 

res o frequency in everj r case of photoelectric emission cannot be 
understood on the basis of the classical theory. For a satisfactory 
exp a nation of these facts, we have to resort to an altogether new 
idea known as the “Quantum Theory” of radiation which forms one 
ol the corner stones of Modern Physics. As a matter of fact, the 
p io oe ectric effect with one or two other phenomena supplied the 
experimental basis for the new theory, which we shall take up 

- or study in a later section, dealing with the new revolutionarv 
iundamental concepts of Modern Ph\ 7 sics. 

IMPORTANT PRACTICAL APPLIANCES OF 

ELECTRON BEAMS 

Introduction. Among the many practical appliances of elec¬ 
tronic beams there are five very interesting instruments, which have 
proved themselves to be of great importance from different points of 
view, scientific, aesthetic and utilitarian. They are : 

(1) the thermionic valve , which forms an essential component of 
the modern radio or wireless communication and other techniques 
such as the radar , microwave spectroscopy and maser ; 

(2) the cathode ray oscillograph , which has become , over and 
above its many uses fn the study of periodic phenomena, an indis¬ 
pensable part of modern television \ 


(3) the photoelectric celly the so*csi11gc 1 <c niti2ic gvg 

in almost every walk of life and in particular in 
vision ; 


”, which is used 
talkies and tele- 


(4) the photomultiplier, based on the phenomenon of 
emission of electrons, and employed wherever small 
currents are to be amplified ; 


secondary 

electronic 


(6) the electron microscope, a very important practical applica¬ 
tion, which has superseded even the most powerful of optical micro¬ 
scopes m the exploration of ultra-microscopic entities. 

,, we shall describe briefly the essential features of 

^•fi° dern ^ n i d Very , useful instruments, insisting chiefly on the 
scientific principles involved in their construction and operation. 
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I. THERMIONIC VALVES 



hi Account oi their constant use in the modern radio which 
marvellous technique devised to trans¬ 
mit signals and speech from one place 
■ > another without wires, using electro¬ 
magnetic waves as carriers. The basic 
principle of the radio is the production 

|^ ec ^^ 0I10 ^ c ^ ec ^ roma g n ®tic waves, 

6 c lief difficulty to be overcome 

. e * n ® P r °duce them with sufficient 
intensity and detect them far enough 

rom t le source. The first successful 
»^ empt to detect electromagnetic 
vaves at a distance from their source 

was made by Sir Oliver Lodge in 1884 ; 

Lord Rutherford in 1896 detected the 
aves at a distanco of half a mile. But 

Lte Mar L C ° ni (1895-96) we are 

the remarkable develop- i 

tele nli 111 ° stage of wireless 

SffiiMLS? & j “, tly 

a t t u a 1 . . ot the modern radio. 

methods were ^fed m f thods such as the spark and the 
waves iml f i * or production of continuous electromagr 

Lodge’ thLniJ 4 f t ? tl0 “* devices such a * the coherer of Sir OI 

successive] v °/ f 1SSOt > ma P n * tic Sector of Marconi \ 

°f thermionin ^ * . ut thermionic valves, built on the b 
replaced the . yinissi0 ^ from heated filaments, have com pie 
they are canah/e^f !“ d ^ effi ? ient methods of radio tech nique 
requisites of radio 8U pP themselves almost all the essen 

electromagnetic wave^s^usidf^ 0 ^^'? 71 ° f intense and continu 

^Ots of the sunprho+„ 1 ed ^ 0r ^ roa dcasting as well as in recei\ 
ing both rectiiicatindetection of such waves inv< 
waves are senarn>^ *^r meaas °f which the low frequency soi 

hi 8 h fr «q^ney carrier waves ; 
stations, signals coming from distant transmitt 


Signor Marconi 


in 1904 by Fleming anrl * ie hrst thermionic valve was designed 
now called the -diode- ^Tu known as the Fleming valve. It is 
filament F and a nlatA T> r th °i “ r ? c ** fierM valve. It consists of a 
evacuated (Fig 59 ? f, nc ^ s . od a gla^s bulb that is highly 

hy means of batterv "R ^lament is heated to incandescence 

process. Now, if the nln+« *d emits , electrons by the thermionic 

with respect to the fik» n( .nt k 1S mai ^ntained at a po$itive potential 

electrons emitted bv tlTL * ? CanS of anoth <' r hattcry B 2 . the 

and a thermionic current « ment f are attracted towards the plate 

current flows from the filament to the plate, 
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as indicated by the milliammeter A, but no current flows if P is 
made negative relative to F. Hence the flow of current between F 
and P is unidirectional and in consequence the arrangement is called 
a “valve”. 

Uses of the diode valve—Rectifiers. On account of this 
unidirectional flow of current, the diode valve can be used as a 
rectifier . Supposing that the battery P 2 is replaced by an alternat¬ 
ing e.m.f. the current will flow only in 
that half of the cycle when the* 
potential of P is positive with respect 
to F and not during the other half of 
the cycle when P is negative. Thus an 
alternating current is rectified into a 
direct current. This is known as “half 
wave rectification”, in which the direct 
current is not steady but pulsatory, since 
only the half waves on one side of the 
zero line of the alternating current are 
transmitted. With the aid of a conden¬ 
ser and a resistance or inductance as 
filters it is possible to obtain a rectified 
current which is nearly steadv. For 
a full wave rectification a duo-diode 
valve is usually employed, i.e. t two 
Sir Ambrose Fleming plates enclosed in one and the same bulb, 

which results in economy of both space 
and cost, the same filament being used 
for both. Contrivances of this kind are 
widely used in radio sets both in trans¬ 
mitters and in receivers, and are known 
as power packs . The diodes which are 
used fo~ rectifying high voltage A.C. are 
known as kenotrons . A full-wave rectifica¬ 
tion can be obtained by a hook-up system 
of four kenotrons, in which one pair is 
idle during a half cycle while the other 
pair functions, so that the energy content 
of the whole wave is obtained. 

Tungar rectifier. Gas-filled diodes 
are used for rectifying fairly heavy 
currents required for charging accumu¬ 
lators from the A.C. mains. Ionisation Fig. 52. Diode, 

by collision of the gas molecules produces 

positive ions which neutralise the space charge effect and thus pre¬ 
vent saturation of current. This type of rectifiers needs less power 
for filament heating, works on a much lower plate potential and is 
more efficient than the vacuum tube. The “Tungar rectifier” sold 
in the market is a gas filled diode, which has a thick tungsten fila¬ 
ment close to a graphite plate mounted in a tube containing argon 
at a pressure of about l/10th of an atmosphere. 
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Mercury arc rectifiers are essentially of the type of the 
gas-filled diodes. The source of electrons instead of being a fila¬ 


ment is a pool of .mercury C in a 
highly evacuated bulb (Fig. 53). There 
are two metal or graphite anodes AA 
sealed inside the bulb. Once the arc 
has been started by tilting the tube 
so that the mercury makes a momen¬ 
tary contact with the proper anode, 
the discharge takes place between the 
anode and a spot on the pool. This 
hot cathode spot acts as the source of 
electrons, and the atoms of mercury 
vapour supply the positive ions to 
annul the space charge. 



Fig. 53. Mercury arc rectifier. 


The mercury arc rectifier can be used to get a full wave 
rectification by designing a circuit as shown in the figure. The 
A.C. supply is connected to the primary of the transformer T, the 
secondary winding of which is provided with a mid-point tapping, 

centre-tapping point is connected to the negative terminal 
o the D.C. output. A connection from the pool of mercury forms 
t e positive terminal of the D.C. output. The rectifying action is 
nelly as follows. As the A.C. supply pressure passes through 
successive cycles, the two anodes connected to the ends of the 

S f' < +i n( ^ ar ^ w * d * n ^ urn become*positive with respect to the mid-point 

° + vr ® €C ® nc ^ ar y the transformer. The arc, however, can be 
established only between the pool of mercury and that anode which 
is positive and consequently the arc will pass to the mercury pool 
rom each anode in turn. The mercury pool will therefore be con- 
muous y maintained at a positive potential with respect to the 
dm -point of the secondary winding and in this way a rectified 
current will be obtained at the D.C. output terminals. 

in iqoq^u of the mercury arc rectifier was first discovered 

hulk * ^ j Copper-Hewitt. The earlier types were all of the glass- 

. ’ i H tiIi! this limited the output of a single unit to a relatively 

tank 1°T* • ^' a ^ er » the glass-bulb has been replaced by a steel 

1C gives a much larger output, about 5000 kilo-watts at 

affft nf k P * S P* e . me y cur y arc rectifiers have the practical advant¬ 
age of being static, silent in action and efficient. 


another +Y n °ted that for low pressures and heavy currents, 
supplanted P +k° rec ^ 1 ^ or > known as the metal plate rectifier , has 
which hue k e m ?j? ur y are rectifier. It consists of a copper disc 
whose on« f Gen . oxldlsed int0 cuprous oxide on one side. If this disc 
is connep+e/f 18 metal the °ther the oxide of the metal 

in one dimo* ° an circuit, it is found that the current flows only 

resistance pen?’ V% *'2 ^ r °? 1 ox * de to copper, which shows that a high 

oxide to meta? e8 V P Y P reventin g the Aow of electrons from 

ery probably the oxygen of the cuprous oxide acts 
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as impurity in the insulating oxide and converts it into a semi¬ 
conductor of high resistance. Whatever be the mechanism, the 
arrangement offers a means of converting A.C. into D.C. In practice 
the cuprous oxide film is produced on a copper disc by a secret 
process and is caused to grow out of the copper so that there is no 
boundary space and consequently no boundary resistance between 
the oxide film and the copper disc. Contact is made with the oxide 
film by means of a lead disc which is pressed close to the film by 
means of a clamping screw. One such element can deal only with 
about 6 volts, but a sufficient number can be arranged in series to 
build up the requisite voltage which may go up to about 4000 volts 
even. The permissible current depends upon the t}*pe of cooling. 
J3;y immersion in oil current densities of 3*5 amps, per square inch 
ma^ be obtained. Undue rise of temperature, however, must be 
avoided ; otherwise the appliance w ill allow* current to flow in both 
irections. There now exist other kinds of plate rectifiers—the 
selenium rectifiers, for instance. 

The diode valves serve also the purpose of detector or demodulu - 
tor in modern radio receivers. If the high frequency modulated 
w^ave, picked up by the receiver, is directly applied to the telephone, 
the original signal or sound will not be reconstructed since the 
av erage effect of the inducing e.m.f. over a complete cycle of the 
modulating signal is zero. But if the current received be first 
rectified by a diode valve, all the impulses in the telephone are in 
t le samcdirection, w'hich can therefore operate the telephone and 
make it respond to the modulating signal. The diode .detector is 
frequently used in receivers wdiere the detector follows stages of 
amplification and extreme sensitivity is not required. 

triode valve* The first type of valves was soon replaced 
by a more efficient one known as the triode valve which has a 

third electrode called the grid between 
the filament and the plate. It was first 
devised by Lieben in Germany (1906) 
and by Lee de Forest in America (1907). 
The modern triode valve (Fig. 54) con¬ 
sists of a highly evacuated glass bulb 
containing (t) a filament F usually made 
of thoriated tungsten or platinum coated 
with oxides in order to obtain a good 
emission of thermionic electrons at low 
temperatures, (ii) a grid G w r hich may 
be a fiat metal gauze arranged above the 
filament or a spiral of wire mounted 
Fig. 54. Triode valve. with the filament as axis and (in’) a 

plate P or anode which is in the form of 
a cylinder surrounding the grid if the latter is spiral or in the form 

of a fiat plate if the grid is flat. Although in an actual triode the 
lorTn and distribution of the three electrodes arc so different, the 
triode is ordinarily represented diagrammatical ly as shown in tho 
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Wit e '* n ?i e filamen . t is provided with two external leads for connect- 

while t \ip tc ^ nsion battery which supplies the heating current, 

thev mav t anfl ? at ? are each P rov i ( led with a single lead so that 

batteries^ tu ^f ln ^ aine< ^ at an y desired potential by the use of 

another n.rwl+ 1 ° ^ re i e P arts °f the valve are well insulated from one 

fixed on a ci •f 1 *Li ea | ( S , j Fom arc connected to separate terminals 

nxea on a suitable holder of the bulb. 

grid afcS ° f aCti °“ of the ‘riode. In the absence of the 

positive nZnTr U !f Dt fl0WS in the v alve when the plate is at a 
This is ] lo ,“! t f h respect to the filament, as in the diode valve. 

Ampere? It tc? ^ • ° r ^ CUrrCnt ’ usuall y of the order of 

increased until saturation**’ St ^ cn 1 gt . h as the P la . te potential is 
charge around tlia ci 18 reached due to the action of the space 

controller Z iut, T" U The grid . b° considered as a 

respect to the filament^f 6 ’ iV the gr . ld P ote ntial is negative with 
filament which ^ 1 w,u re P el the electrons emitted by the 

result tho plate cnrrpnt e ,fl? ace c ^ ar g° effect will increase and as a 
grid is made voS t WU . 1 1I be ^ on the other hand, the 

plate and thus dim! • u' V1 i! aid t ^ lc fi° w of electrons towards the 
current will increase “S, th fv SpaCe charge - w hich means the plate 
the variation of tha - U i S ^ 16 P^ te cur rent is controlled at will by 

certain values of the arid n<1 iJ ,0tential ‘ Further , it is found that for 

a large chance in vo ag e> a very small change in it produces 

change of pStial tS ti ? at6 CUrrent * If grid were absent/a 
1,110 plate in order to g rea t would have to be applied to 

Since charging the trrkl t n a f same change * n the plate current, 
cally no expenditure of r^r/ 1 ° ec ^ ros ^ a tic potential requires practi- 
rcsistance of the grid cireiHf^ ^ xce P. t /? r small loss in ohmic 
name time a verv effieinnf „ 1 ,, g !! ld * s ver y economic and at the 

similar to valves which Her of the plate current, in a manner 

an additional reason a ® ^ le ^ our steam in a pipe. This 
thermionic valve n,,! ^ arran o emen t is rightly termed a 

■el;; -syj atr -?■—SJZ £& 

,h ' 8 rW norilly* * h “ 

f “'»e»Jn a S S “ C ™,7“ “ f * be The purpose and use- 

fi' 6 %“»“ variable quantities or S (h° d fl i° ra gra P ,ls Pitted between 
M **re« wrtrtto Solved in a“lodeTl ° PC “ ti ° n ' Tb “* *" 

three currents , viz . 

to enable it to‘emit declrons 6 ,' ’ ^ CUrr ° nt that heats thc filament 
the platefk* 6 CUrrent > t e -> the thermionic current which flows to 
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grid current, i.e., part of the thermionic current which flows to the 
grid ; 

and two potentials , viz. 

anode or plate potential, rather high, variable and always positive 
with respect to the filament, 

——grid potential, rather low, variable, positive or negative relative to 
the filament. 

A graphical relation of any two of these quantities constitute a 
characteristic curve . A given triode can thus have several characteris¬ 
tic curves, representing, for instance, (1) the variation of the plate 
current with the filament current— thermionic characteristics , (2) the 
variation of the plate current with the plate potential— anode charac¬ 
teristics, (3) the variation of the grid current with the grid potential 
grid characteristics , (4) the variation of the plate current with the 
grid potential— mutual characteristics. 

r *i each case, by varying the plate potential a whole 

ami y of characteristic curves can be obtained. These characteristic 
curves are of great importance in estimating the properties and 
potentialities of a valve. Some of them are more important, than 
others , for instance, the mutual characteristic curves are the most 
important, as we shall see presently. It is also usual to distinguish two 
types of characteristic curves, static and dynamic , the former giving 
general indications of the suitability of the valve for particular pur¬ 
poses, while the latter defines the various relations under actual 
working conditions of the valve, where new factors come in, such as 
external resistance or impedance in the plate circuit, the variation in 
grid potential due to external causes, etc. The curves of the two 
types do not usually coincide. The construction of dynamic curves 

is subject to special diffi¬ 
culties, since they depend 
very much on the external 
circuit which is a variable 
complex factor. Hence it 
is customary to define the 
properties and constants 
of a valve by means of the 
static curves. 


These static charac¬ 
teristic curves of a triode 
can be readily obtained 
with a simple arrangement 
shown in Fig. 55. 

Three circuits are formed for the three components of the 
valve : — 



Fig. 56. Circuit of a triode valve for the 
study of the characteristic curves. 
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—the filament circuit . A low tension battery (2 to 4 volts), a rheostat 
and an ammeter A, all in series, are connected to the termina ls of 
the filament for heating it. 

—the plate circuit. A high tension battery (100 to 200 volts) with a 
potentiometer arrangement is connected to the plate and the fila¬ 
ment, the positive terminal to the plate and the negative to the 
negative of the filament. The plate can thus be maintained at any 
positive potential from zero to 200 volts with respect to the fila¬ 
ment. A milliammeter (mA) in series in this circuit measures the 
plate current and a voltmeter (V^) in parallel measures the tension 
actually applied to the plate. 

the grid circuit . Another battery of lower voltage (about 20 volts) 
with a potentiometer arrangement for varying the tension is con¬ 
nected through a commutator to the grid and the filament. With 
the commutator the grid potential can be made positive or negative 
with respect to the filament. A microammeter (j^A) to measure 
the very small grid current and a voltmeter (V ff ) to measure the 
actual tension on the grid are also introduced in this circuit. 

thermionic characteristics give the variation of the 
ermiomc plate current with the filament heating current. Here the 
grid action is disregarded, 

the grid being direotly 
connected to the negative 
of the filament. A certain 
definite high positive 
potential, say 80 volts, is 
appl ied to the plate. The 
heating current is given a 
small value as measured 
by the ammeter in the 
filament circuit, by suit¬ 
ably abjusting the rheostat. 

The resulting thermionic 
current in the plate circuit 
is measured by the mil- 
liammeter included therein. 

Next the heating current 
strength is inezeaaed step 
by step and the plate 

j 8 i no ^ ec ^ f° r each value of the filament current. A curve 

ll \ fr G ii T een P^ ate current (1^) and the filament current 
valnp 0D1 f 4 . 1 ° ( , a °ktained. The observations are repeated for other 
drawr •*' he plate potential, say 100 and 120 volts and the curve 
to os/* In , t ' , ) c 1 case. During the experiment, care is to be taken not 
T>otftn/* e< i traits of the filament current and of the plate 

a * curves obtained are of the form shown in Fig. 56. 


Y 



Fig. 56. Ip — If curves-Triode. 
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It is seen that the thermionic current Ip increases with the filament 
current Iy, at first slowly, then very rapidly. For each value of 
t e thermionic current reaches a maximum at a certain value of the 
ament current. We have alreadj 7 " interpreted these curves 
when we dealt with thermionic emission on the basis of the 
in uence of temperature on the emission of electrons and of the 
ac ion o an applied positive potential on the space charge effect. 

°J? 1 r P resen ^ purpose, these curves indicate the optimum value of 

ie filament current that produces a maximum thermionic current 
lor a given plate potential. 


e anode characteristics, which give the variation of the 
p a e current with the plate potential, may be studied as follows : 

Again, the grid being 
connected to the negative of 
the filament and keeping 
the filament current at a 
certain constant value, the 
potential of the plate is 
varied from zero value up to 
about 100 or 120 volts 
positive and the plate current 
is measured for each value 
of the plate potential. The 
experiment is repeated for a 
higher value of the filamant 
current. Curves drawn con¬ 
necting Ip and V, are as 

, T shown in Fig. 57. It is seen 

that 1 p is zero when is zero, whatever be the value of I, If a test 

is made by applying negative potentials to the plate there will still 
e no current in the plate circuit unless the vacuum of the valve is 
impaired. This shows that the current-flow in the valve is unidirec - 
tional ^ hence the triode can be used as a rectifier like the diode. But 
^ ^ triode gives only partial rectification on account of the influence 
of the grid potential under normal working conditions. As the 
positive plate tension is increased the plate current also increases. 

I he saturation stage is never reached in any serviceable valve, as the 
filament is designed to give ample emission, easily covering the 
highest voltage that may be applied to the plate. In order to 
observe the saturation effect, it is necessary to reduce the filament 
current and so limit the available emission, as seen from the two 
curves the lower one shows saturation, while the upper does not. 

Richardson s formula i = AT"e refers to the saturation value of 
the current, while for the ascending portion of the curve, we have to 

use the Langmuir-Sehottky three*halves power law : i — K.V^ 3 / 2 . 

! # 

These curves offer valuable information about the behaviour of 
a valve under various circuit conditions ; hence they are of impor- 
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tance to the manufacturers of valves. From these curves it i« 
possible to obtain a quantity known as the load-line which comes 
in o consideration in amplification without distortion by a valve. 

curve f ri .d characteristics represent the variation of the grid 

u »V ^“5“ (V,) ' Thegt “' 

a collecting electrode. 

Yet, in certain cases, the 
now of the grid current is 
essential. To study the 
variation of l g with V ? , the 
plate potential and the fila¬ 
ment current are kept constant* 
the potential of the grid is 
varied from a small negative 
value (say — 2 volts) by suc¬ 
cessive steps and the corres¬ 
ponding grid current, which 
is ordinarily very feeble, is 

arTnWt! l lV tl ,' e micr °ammeter in the grid circuit Tl 
are plotted and the curve oh„ i_ IU c,rcu it. Ihese results 

O curve obtained is as shown in Fig. 58. The grid 

current, whose highest 
value is usually a few 
microamperes, starts al¬ 
ready a little on the nega¬ 
tive side of V„ due to 
contact potential difference 
between the surfaces of the 
gnd and the filament. 
Except for this effect, there 
is no grid current for nega¬ 
tive values of V g . For 
positive values of V„ the 
grid current increases up to 
a cortain extent, which is 
VC T 8r nall in good valves. 

Tho grid characteristic 

rt rf-k. -_— * * 1 . 'a 




X 


If the vacuum ^ not good ^ leLT° °f VaCUUm ? nsido the ^ 

This is due to the f ° rm 8h ° Wn in 4- 59 

remnms a certain number of air acuu jn is imperfect there still 
thermionic electrons colliding witl^tlf 10 ^lecnlcs in the valve. The 
ions thus formed travel away from l °T° tl,em - The P osit ^e 
filament. If the grid is at a negaTivi tho 8 rid and 

filament it attracts them and fohects 5?“ -I- th r ® s P ect to tho 

Riving nso to a current in a direct^ h P osltlve charges, thus 
collection of electrons, which L ! opposite to that due to the 

U ,s therefore called the reverse grid 
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current. The negative ions augment the charges on the anode and 
render the anode current unstable. Thus the reverse grid current 
and the unstable fluctuations in the plate current are sure signs of 
the imperfect vacuum of the valve. The reverse grid current falls to 
zero as the negative potential of the grid is increased, which in turn 
would reduce the plate current. 

The mutual characteristics which deal with the relation 
between the plate current and the grid potential, are of great impor¬ 
tance as they not only manifest the property of the valve as an 
amplifier, but also offer a means of determining certain constants of 
the valve, known as the mutual conductance, internal resistance 
or impedance and the amplification factor. 

To obtain these mutual characteristic curves, the plate is 
raised to a suitable high potential, say 80 volts, and the filament 

current is given the 
optimum value for 
that plate potential 
as indicated by the 
previously drawn 
thermionic character¬ 
istics. With the aid 
of the potentiometer 
and commutator the 
grid potential is given 
successive values 
from, say — 20 to 
-1- 20 volts and the 
plate current is re¬ 
corded in each case. 
The observations are 
repeated by taking 
two other values for 
the plate potential, 
say 100 volts and 
120 volts. The results 
are plotted, I p against 
V } for each value of the plats potential and thus a family of curves 
is obtained as shown in Fig. 60. In each of the curves there is a 
steep, practically straight part, in which a very small change in Vg 
causes a very large change in 1^. This brings out the property of 
the valve as an amplifier, when the grid potential is adjusted to 
correspond to a point in the steep region of the curve. 

The valve constants are determined from these curves as 
follows : 

(a) Mutual conductance (K) is defined as the ratio of the 
chahge of the plate current to the corresponding change of the grid 
potential for a given plate potential. K — dlpjdV g . Considering 
any one of the above curves, and taking a point on the curve cor- 
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Fig. 60. IjV ff curves-Triode. 
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3S ,he ,,op ' of the cu " e ««“* 


K = Jit 

dv q 


JK 

KL 


53T& u ill I iam Pf es P er volt or more briefly as 

IJth^n+f resistance. From the curve it is evident that the value 
of the mutual conductance is different at different points on the 

onlyfor a given^o^i tUal C0 " ductancecan be considered a constant 

condition. Along the steep straight part 

»PP» SS‘fS curve* C ° Mtont V “"' e ’ W ‘ " 0t “ «» 

by o$JZ!^[ re fi aTUl V Ri >, The p,ate current “ay be changed 
constant 8 a! seen ' from P ° ntial , whde beeping the grid potential 

curves In 0 Sarv ^. t consideration of any two of the above 

potential is expressed hv tl , reu . lts tbe ohan 8 e of current with 

resistance. Such aconception!!• J’ *"1 the l ratio V/I is called 
case of valves as woU T* • “ y ’ by analo g>’> bo extended to the 

the resistance of a conductor,'whLT’ 

SfEKt °PP°. Se ^ collisicmThedisp^cemen^of^the 

between Sie electron! « 'J , IS fmall y the rcsu lt of collisions 

heating of the conductor £° e ?l theS6 collisions causing the 
resistance ? CerSlv not in ? th ° J alve where localise a 
the plate, since it is a vacuum th ®, s P ac . e ) befcwee n the filament and 
place at the surface of the vlate Th 1 °° bsions e ^ 1( Jently then take 
velocity have an enormouf^monn^ p 1 ®?*™? 3 w,th their tremendous 

ance of which necessarily involves the production 6 ^/’ the di8a PP ear ' 
quantity of heat Thi a ; • the production of a corresponding 

the plate becomes red hotw^^T^ ly f ® Und to be the case, since 
Hence the internalIt,! ? / al /° ^notions for a long time, 

plate and the electrical «no &S t0 b ° ° Cabsed on the surface of the 

appears exclusively on the platIF Th? samed , tbe heating effect 
may be rightly called the Jjsitc 13 18 wb y the internal resistance 
anode impedance or even A P f aMode re »wtow ce ; it is also called 

defined as the ratio of £ change th & , internal res l 8 tance is 

dV,ldl. 1 P t CUr f ren u t for a g^en grid potential : 

Potential the change in V L/th ° f the CUrves - at a given grid 
readily obtained. Thus for 6 co t rres P ondi ng change in I/are 

“g the two lower curves the I^n 06 ’- 8 ^ 6 ' 0 ^ Potential, consider- 

paralle? giv ® n b y AB - Hence R. JVo/AB “sj° &nd th ° chan g 0 
parallel everywhere, R. will r AB ' ® mce the cur ves are not 

raight portion as the curves ar/, r °^ P° m t to point, but at the 

less constant. In the ordiltrv com™* 10 1C f 1,y P arallel , R x * is more or 

* “ * "K to “ tem “ ™»- 
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(c) Amplification factor (n). Wc have seen that, although a 
change m plate current is brought about either by a change in the 
plate potential or by a change in the grid potential, still to cause a 
giv wi change in the plate current, the change in the plate potential 
must be many tmies greater than the change in the grid potential. 

fi™Vth a o^VSS? the valfe as an aSpli- 

, « nd the amplification factor determines this relation. It is de- 

ne as the change m tho plate potential to the change in the grid 

potential wlueJi produce the same identical change” in the pfate 

uTdV /]v s °mctimes called the “voltage amplification factor” : 

changes in V « n d '" 7 '“' two curves > a t a given grid potential, the 
found Tlin/it 7 7 Produce the same change in I, can be 

I represented hv °ATi^+| t P? tentia h to produce the same change in 
in V r i AB -’ 10 7^ nge in V o is 20 volts and the chtnge 

sidered. C ’ ° honzontal lnterce P l between the two curves con- 


Hence M — 100 — 80 

dV a represented by AO 

internal 7^7 i be eis 7. m f e< }, fr ™> the mutual conductance and 

tei naj resistance provided all 0 f them refer to the same value of 

the gnu potential, as follows :— 


d V„ 
dV. 


dV 

dl 


dip 

x ~rr- 
d\. 


R. . K 


+nno» AmpllfiCatl ° n factor = Internal resistance x mutual conduc- 
tance. 

The amplification factor varies with the different points of the 
curves. u oter a arge portion, where all the curves are straight 
lines and practically parallel, it can be taken as constant, with a 
slight variation, not greater than 10%. 

In practical construction, the amplification factor-depends on 
the geometry and structure of the valve. It is high when the wires 
of the g nd are close together and when the distance between the 
plate and filament is great compared with that between the grid and 
filament. But it cannot be increased without limit, since increasing 
the distance between plate and filament increases the internal resis¬ 
tance, while putting the grid close to the filament heats the grid 
abnormally which would cause secondary emission of electrons and 
i wou ^ disturb the normal working of the valve. It is, therefore, 

hardly possible to construct a valve whose amplification factor 
exceeds 100. 

. ^ noted that these valve, constants are used to deter¬ 

mine the most suitable functions of different types of valves and 
that fhere are other methods also of finding the valve constants, e.g 

a 6 , ■ ’ method of Miller, tho continuous current method of 

Appleton, etc. 
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Uses of the triode. The triode can be used : — 

(l j as a relay , far superior to mechanical devices ; 

(2) as a rectifier , in which its behaviour is somewhat similar to 
that of the diode ; 

(3) as an amplifier of weak signals, since small changes in the 

grid potential produce comparatively large changes in the plate 
current ; 

u- i_ an< ^ as an os Mllator t producing continuous and undamped 
high frequency oscillations. 

The triode as a relay. A relay is a device by which a small 
amount of energy can be used to turn on and off or control a much 
larger source of energy. The triode acts as a perfect relay , since the 
application of a few volts to the grid allows to control, establish or 
cut oft the plate current belonging to a source of several hundreds 
ot volts ; it is much superior to mechanical relays since it has no 
appreciable inertia, working, as it does, on instantaneous thermionic 
emission, consumes minimum energy as there exists very little grid 
current, and is capable of delicate regulations, unlike mechanical 
relays which either act wholesale or not at all. 

9 

In this connection, the principle of the thyratron, a gas filled 

rman+f 6 a Vu m i ay be men ^* one< ^ A triode valve, in which a small 

ttrg ° n ’ ~ neon or mercur y vapour is introduced, 
-. he thyratron ' Su PP03e we consider an ordinary vacuum 

nlate cnrrp lts grid P 0l : entla l sufficiently negative to prevent any 
rela«ve eff^/ r0 f^v, ^ g - JT now , we raise the P^to potential, the 

would plate n cu " ent beglns t0 flow. First the current strength 

is increased 1l, ‘ flI “ all . > becomi ng gradually larger as the plate potential 
trl Z,„^ U a gas-filled valve, like the thyratron, the elec- 

which bein A+° W f r 8 P a *’ e ’ cod * de with the molecules of the gas 
more electro ns a ° W P r f 8Ur ? is ionised. At each collision 

more moWnZ f pr ° duCed and these, in their turn, collide with 

sTeLTh k tin “5. m ° re 1 elec J trons - 80 that a decent current 
gas Also aninp . . U1 u . p . and a discharge takes place through the 

of the Elate cur Jent gri T? 0 m .u aVln ? 1 any further effect on the ^ 

stop the discharvn wt, US -. e - gFld i ose8 i* s control and cannot 
is removed or af T , ° n< ? 11 \ s 8tarted - Until the plate potential 

potential of the gas whicMs^lO to°30 bd ° W the ionisation 

charge will contim.l t? 13 , 10 *° 30 volts »» most cases, the dis- 

during the discharun va ve becomes practically a short circuit 
potential the valve" re« ° D 'f voltage falls below the ionisation 
process will be reDeaf-erl U {J les . ? 3 n on-conducting capacity and the 

a..,. urAnrriasa vo te b ,“ iid *, “■* V" * 

with a high resolving j.i ^ blS * aut endows the thyratron 

1Q g re8olvin 8 Po^r and the consequent use of it in electrical 
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counting of individual events that occur in rapid succession. As an 
inertia-less relay, it finds another important use in the construction of 
ideal time-base circuit employed in the functioning of cathode ray 
oscillographs, as we shall see later. 


The triode as a rectifier. The principle of the rectifving 
action of the triode is easily understood by the following considera¬ 
tion. Taking a mu* 
Y tual characteristic 



curve, (Fig. 61), let 
us suppose that the 
grid is maintained 
at a negative poten¬ 
tial represented by a 
point A at the lower 
bend of the curve. 
Let an alternating 
e.m.f. be applied to 
the grid, so that DC 
and DE represent 
the variation in V g 
about A. From the 
figure we see that 
during the one half 
DE of each oscilla¬ 
tion of V ff the plate 
current changes 
much more than 


Fig. 61. The rectifying action of a triode. during the other 

_ . . half DC. The re¬ 

sulting change in the plate current, though still alternating, has 

for the upper half of the wave a larger amplitude than for the lower. 
This means a larger plate current in one direction followed by-a 
smaller current in the opposite direction, so that the mean plate 
current over a complete cycle is not zero, but has a certain value in 
one direction. Thus the valve acts as a rectifier . Supposing the 
alternating e.in.f, applied to the grid is a signal received in the form 
of damped waves, the signal will produce small impulses of unidirec¬ 
tional plate current following each other at the frequency of the 
damped waves ; the cumulative effect of these pulses will enable the 
telephone receiver to respond. Thus the valve by its rectifying 
action becomes also a detector. 


There are two methods of using a triode as a rectifying 
detector : (a) anode bend rectification and (6) grid leak rectification . 

Anode bend rectification. In this method the grid is given 
a potential corresponding either to a point A at the lower bend or 
to a point B at the upper bend of the mutual characteristic curve. 
The former is the one more commonly used since it has the follow¬ 
ing advantages : — (a) The working point of the grid being negative 
to the filament, there is no flow of grid current, and hence no absorption 
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of energy from the input circuit, which means less damp ing. (b) Very 
little current is taken from the H.T. supply of the plate circuit, 
while in the other case, a much larger current is drawn. 

It can be easily shown that no rectification takes place if the 
grid potential is such that the working point falls on the straight 
portion of the curve. But owing to the steepness of the slope in 
this region, the oscillations of the plate current will have greater 
amplitude than the input oscillation ; hence under such conditions 
the valve can act as an amplifier , but not as a rectifier. 

Some device must be used for maintaining the grid potential 
at the working point A, as it tends to collect electrons and thus fall 
in potential. This is usually done by what is known as a grid-leak 
consisting of a high resistance of . the order of 1 to 10 megohms, 
suitably introduced in the grid circuit, which enables the accumulat¬ 
ed electrons to leak away to the negative end of the low tension 
battery, earthed in an actual circuit. 


The circuit details of the simple anode bend rectifier are shown 
in tig. 62 . The oscillating circuit LC which can be tuned to the 
input signal is connected to 

the grid circuit containing _ _ ^ 

(1) a potentiometric ar- I ^ 

rangement for adjusting < — — ~ 

the grid potential so that j | c, - =r - 

the working point may be r —'— \ H |—rr- J 

set at the middle of the ■ —A i i' \n/ 1 

lower or upper anode bend, L l ^ c ~j~ r j !^j 

and (2) a grid-leak for \ *— j * _ 

maintaining the grid 

potential steady at the .. .. „ , 

working point. A high re- bend rectification, 

sistance telephone T is put 

in the plate circuit. A large condenser C 2 is shunted to the plate 
circuit. With this arrangement when the input signal is applied to 
the grid, a rectified current consisting of three components, a direct 
current (D.C.), a high frequency (R.F.) and a low frequency (A.F.) 
flow through the plate circuit. The high resistance of the telephone 
and the relatively large capacity condenser C s form what is known 
as the output impedance ; the A. F. component carrying the modula¬ 
ted signal passes through the telephone, while the R.F. component 
consisting of the carrier wave is “by-passed’' through C 2 . 


Fig. 62. Circuit diagram of anode 
bend rectification. 


Grid-leak or grid current rectification. This method, first 
devised by Leo de Forest in 1907, is a more sensitive one than the 
anode bend rectification, but its principle is more complicated. Briefly 
Btated, in this method, the grid-filament circuit is used as if it were 
a diode rectifier, i.e., the high frequency modulated input signal is 
first rectified in the grid circuit and then the low frequency modula¬ 
ted signal obtained by rectification is amplified in the plate circuit. 
This method, therefore, makes use of the valve first as a diode 
rectifier and then as a triode amplifier in contrast with the previous 
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method in which the valve may be considered first as an amplifier, 
then aa a rectifier. In this method the grid characteristics must be 
used. Further, the flow of the grid current and the fixing up of the 
grid potential at the non-linear curved part of the grid characteristic 
curve are essential conditions which are secured by the introduction 
of a suitable grid-leak in the grid circuit. 

The circuit details of a grid leak rectifier are shown in Fig. 63. 
In this method no auxiliary grid potential is required ; the grid is 



Fig. 63. Circuit diagram of grid-leak rectification. 

insulated from other parts of the circuit by a condenser Ci and is 
connected to the negative of the filament through a high grid 
leak resistance Rj. Before the arrival of any oscillating volt¬ 
age to the grid there is a steady flow of the plate current. When a 
signal is received, it passes through the condenser C* and is applied 
to the grid. As the line end of C goes positive, R A becomes shorted 
by the relatively low impedance of the grid-filament diode section. 
Through this low impedance C 2 gets charged to very nearly the peak 
value V of the signal voltage, so aa to make the grid end of C 2 
negative. This charging current flowing to the grid is the grid 
current through the valve. When the signal goes negative, the 
valve becomes an open circuit and C x begins to discharge through 
R r If CjRj is large compared to the period of the signal, the 
original voltage across Ci remains substantially unchanged when the 
next positive peak comes in. Any charge lost by Cx during the 
negative half cycle of the signal is made good during the next 
positive half cycle. As a result, C x remains always charged to V 
and the discharge current V/Rj flowing through RJ keeps the grid 
at a steady voltage V negative with respect to the filament. This 
is the case when the carrier wave is unmodulated. With a modula¬ 
ted carrier, the bias V also becomes modulated, C t Rx being small 
compared to the period of the modulating A.F. signal. Thus due to 
detection at grid, a steady grid bias for the amplifying triode section 
is developed by the R.F. carrier upon which is superimposed the 
A.F. signal contained in the modulation. 

The important point to be noted here is that the voltage 
developed across Rj is primarily due to the discharge of the con¬ 
denser C 2 with a high time constant and not due to the leakage of 
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electrons to the filament. This latter is present only during very 
short pulses of grid conduction at each positive peak and even then 
is of no practical importance. It may be added that since is a 
“by-pass” for the R.F. component, the full R.F. voltage across is 
also present across R x superimposed on the steady bias developed 
by the R.F. carrier and the A.F. component developed by the 
modulation. Whereas this causes some additional damping of the 
input tuned circuit, it plays no part in detection proper. 


The triode as an 

amplifying action of the 
that changes in the 
gri< potential produce 
a much greater effect 
on 'he plate current 
than the same changes 
in the plate potential. 

To understand this 
amplifying action let 
us consider the 
straight steep part 
ACB of the mutual 
characteristic curve 
(%• 64). Let the 

mid-point C of that 
straight portion be 
chosen as the working 
point of the valve, i,e , 
the grid is given a 
negative potential re¬ 
presented by the point 
If an alternating 

nntnnfml ■ ° 


amplifier. The main principle of uu. 
triode has already been pointed out, viz 



Fig. 64, 


Amplifying action of the triode. 

grid, its potential will vary 
of the wave increases the 
the grid becomes less nega- 

r A l.ir .1.. . . - 9 _ 


potential is now applied to the 
correspondingly. The positive half 

tivo than M t0 ^° D ( * e > th0 8 rid becomes less nega¬ 

te OF ft e the^Sn ^ n6gative half deceases it from OE 
potential is OD the nf , becomes »ore negative). When the grid 

is OM Thus as th« P • I™"! 1 * 18 ? K and when ifc is 0F the other 
the plate current variefn i potent ‘ a 1 L varies between OD and OF 

two sinusoidal curves G and e p W whe^ I p and ° M ' ? y comparing the 

tions applied to the ari/l i ’ ^ represents the potential varia- 

circuit, we se e thS the "V the ° urrent variations in the plate 

tion the steenest n«rf obtain therefore large amplifies- 

potential should be 1 such thl^ S , h ° Uld be Used and the grid 

that steepest part TTnH, «. th WOrklng P°«t is in the middle of 

signal be passed throu^h^ if th ° incoraing weak 

0(1 or a “pHfied in the plate circuit^ h ° Va Ve ’ lb ° an be strengthen- 
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In order to utilise the valve as an amplifier it is essential that 
changes in the plate current should produce corresponding changes 
in the P.D. across an external impedance in the plate circuit, for if 
the plate is directly connected to the positive terminal of the high 
tension battery in ore cr to maintain it at a steady potential, changes 
in the plate current cannot obviously produce any change in the 
potential of the plate, but if an external impedance, say a high 
resistance It is included in the plate circuit between the plate and 
the high tension battery or between the L.T. and the H.T. batteries, 
then a change in the plate current dl (due to a small change dV ffr in 
the grid potential) will produce a change dE = Rdl in the P.D. at 
the ends of the resistance R. The amplification produced then is 


dE Rdl 
dV g = 1% 



J.f p be the amplification factor of the valve, a change dV 9 in 
the grid potential causes a change p.dV g in the plate potential, which 
acts across both the valve of internal resistance R, and the external 
resistance R. Hence the change in current dl in the plate circuit 
is given by 


di = 

(R 4- R,*) 


Amplification obtained = 


dE __ _ p * dVg 

dVj ~ (R+R,) . dV g 



R 

“ ^ * R + R. 

From this relation we see that the greater the value of R, 
the more nearly will the amplification actually obtained approach 
the amplification factor p of the valve, since the value of R/(R + R») 
approaches unity. 


The external impedance in the plate circuit, which we have 
taken above as a non-inductive resistance R, may be also an induc¬ 
tance coil or choke, a combination of these, or even a turned circuit 
containing inductance and capacity in parallel. Further, in order to 
get the maximum power, the external resistance R should be more 
or less the same as the internal resistance R,- of the valve. In 
practice, the external impedance must be at least as largo as the 
internal impedance and generally must be considerably larger, in 
order that small variations in the plate current may produce large 
alterations in the P.D. across the external impedance. 

Conditions for distortionless amplification. It is essential 
especially in radio-telephony that the process of amplification docs 
not produce distortion, which arises from two causes : — 

(a) If the mean grid-potential is such that the oscillatory input 
voltage gives instantaneous values of the grid potential correspond- 
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mg to points 0 ) i t he curved portion of the mutual -characteristic 
curve, rectification takes place, and hence the plate current wave- 
xorm, as also the output voltage wave-form, will not be a replica 
oi the input voltage wave-form, t.e., distortion has been produced ; 

^J^® g rid current flows during any part of the input volt- 
JL„+- t 'l er c arises damping on the input circuit which causes the 
variation of the oscillatory grid-potential, which would distort the 
ave-forra of the signal already at the input stage. 

MDonn f ] . , . . l^lllleSS amplification these two 

causes of distortion must be removed. The first is got rid off by 

lhe / a , nge ™, thln which the g rid potential varies under 

of thT Uen ? °i f th u osclllator y m P ut voltage to the straight portion 
mats “ utual . characteristic curve. The second is eliminated bv 

potential sufficiently negative so that the peak grid 

K / U T g * he P° sitive half cycle Of the input voltage does 

the re gion where the grid current flows. Thus a 
nfa 6 ^ #? e r } egative bias and operation on the straight portion 

disWH^ char ? c J eris,ic s arti the two conditions required to obtain 
aistortionless amplification. In practice, the best results are obtained 

- «nd is biased negatively to a point half-way between the 

which th Wh !° h , th ! gnd CUrrent starts t0 fl o w and the voltage at 
» 0 curve s ‘ ar “ to ™ 8 is k “ w ° 

shown^F- FCU ^ de ^i' ls ° f -f' sim P l0 anode resistance amplifier are 

.i 8 na! I Z"““ Bg “ tUned *"• ‘"P« 

grid circuit containing ( i ) 
a potentiometric arrangc- 
Daent for obtaining the mid¬ 
point biasing of the grid 
and («) a condenser C x and 
& 8leak resistance R 1} 
the former to insulate the 
grid from the direct H.T., 

'which becomes necessary 
chiefly in multi-valve am¬ 
plification and the latter to 
serve the usual purpose of 
preventing an accumulation 

• ._ . j * _ 



ol negative charge on the grid 
negative grid bias to such an 
become insignificant. It must 


Fig, 65. Circuit diagram of a triodo 

as an amplifier. 


and the consequent increase of the 
extent that the plate current may 

tortionlftfta “‘"I- be notod here that since for dis- 

second 2 p ifica , tlon th ® first va lve should pass on to the 
ceived bv tht v °l ( ' a g c > which is the same as that ro- 

condense y r and wl 1S , ne ~ y . t0 minimise the Epical effect of a 
form if the arid k ’ " ^ to mt,reduce asymmetry in the wave- 

cW, ha, rr< ; nt ? OW8 : ^ amplifiers, therefore, the con- 

generally somewhat lowcr ^ Thl re ] Ctlfi °. rS ’ whi!e the leak resistance is 
j ouiewnat lower. The plate is connected to a high tension 


152 


THE BEGINNINGS OF ATOMIC PHYSICS 


battery through the external impendanee R whose value is some¬ 
what larger than the internal resistance of the valve. With such 
an arrangement the oscillations of the plate current will have a much 
greater amplitude than the input oscillations, but its shape will be a 
rep ica o the input signal. Thus, distortionless amplification is pro- 
uce in the plate circuit, which can be applied through a suitable 
tion^ circu ^ to tlie gria of the next valve for further amplifica- 

i kinds of amplification . In general, a signal may be 
amp i ie efore or after rectification and from this have risen the 

terms high frequency (R/F) amplification and low frequency (A/F) 
ampu cation. It is also usual to distinguish between voltage ampli - 
pea ton which is defined as the ratio of the output voltage variation 
across the external impedance in the plate circuit to the input 
vo age \ ariation in the grid circuit, b,t\& power amplification given 
by the ratio of the output power to the input power. Of the for¬ 
mer we have already spoken. The latter, viz., power amplification, 
ecomes necessary at certain stages of reception as well as of trans- 

' final stage of a receiver where the loudness of the 
audible result depends on the power developed in the impedance of 
e plate circuit, and the power amplification in modern transmitters 
at the aerial stage. The output power in a valve amplifier can be 
s ow n to be proportional to the square of the grid potential : Power 

^a ° 2 r ^^ ius doubling the input A.C. voltage quadruples the out¬ 
put A.C. powder. Further, as we have already noted, tho output 
pow r er will be a maximum when the external impedance is equal to 
the internal resistance of the valve. But, for distortionless power 
amplification, the external impedance must be about twice as great 
as the internal resistance. Valves used for powder amplification have 
generally small internal resistance of the order of 1000 to 5000 ohms, 
in order to match it w r ith the external impedance and are designed 
to be used with higher plate tension than usual, since power is deri¬ 
ved from the H.T. battery and not from the valve. Their voltage 
amplification factor is small, from 2 to 10, and their mutual charac¬ 
teristics are therefore straight over a long range of negative grid 
potential so that considerable grid bias may be applied and distor¬ 
tionless power amplification can be secured for values of the 
grid potential variation. 

Classification of amplifiers . Amplifiers are classified, accord¬ 
ing to the operating conditions under which the valve works, as 
follows : — 

Glass A amplifier is one in w'hich the grid bias and the input 
signal voltage are such that the operation is confined to tho straight 
portion of the mutual characteristic curve and hence the plate current 
flows continuously throughout the entire cycle of the alternating 
input signal voltage. The D.C . grid-bias is adjusted so that the zero 
signal plate current is in the centre of tho straight portion of the 
curve. This type of amplification is most useful w’hen maximum 
voltage amplification of the input signal is desired. The efficiency is 
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low in terms of useful power output compared with plato D.C. power 
iiifevi but is highest of any class of amplifier in the ratio of output 
signal power to input signal power. This type is used for both audio 
and radio frequency amplification. 

Class B amplifier is one in which the grid bias and the input 
signal voltage are such that the plate current flows only during 
approximately one half oi the cycle of the alternating input signal 
voltage. The grid bias is adjusted so that the plate current is approxi¬ 
mately zero when no input signal is present. This type operates at 
a nrluch higher plate efficiency than class ^4 and is usually employed 
to obtain linear amplification of audio frequency or modulated radio 
uoquency signals at high efficiency and tolerable distortion. 

Class C amplifier is one in which the grid bias and the input 
signal voltage are such that the plate current flows during substantial¬ 
ly less than half of the cycle of the input signal voltage. The grid 
bias is appreciably higher than necessary to cut off the plate current 
in the absence of the input signal voltage, usually twice as great or 
m0re * This type produces the highest plate efficiency of any type 
and the greatest amount of radio frequency output from a valve. It 
is hence widely used in the r.f. stages of transmitters. The high effi¬ 
ciency is obtained as a result of the high bias and large driving voltage, 
n current and plate current are caused to flow during a shorter 
ime interval than the full positive hall cycle of the driving voltage. 

very large pulse of plate current flowing for a relatively short time 
reduces the tube heating. This increased efficiency makes it- possible 

7? raise the operating power level before the rated tube heat dissipa¬ 
tion is exceeded. 1 

• amplifiers. In order to receive effectively signals 

owning irom either a vary great distance or a transmitting station of 

f - P ower> 11 18 usually necessary to employ several valves for ampli- 

V Hi A A JJ - / J II * 1 1 ' _ ^ ey mav be connected 

, iei (technically called “in cascade”) in parallel' or in what is 
anown as a push-pull system . 

• cascade amplification , different inter-valve coupling 

O Q rngiof a - ^ according to which the amplifiers are classified 

^ S1S inductance, tuned anode and transformer amplifiers, 
il principle involved being that the amplified voltage across 

crrin ailce of the plate circuit of the first valve is applied to the 
g ot a second valve where it is again amplified and so on. 

Irmrl res istance- ca pa c ity coupling the voltage across the 

valvn J 8a T* °/ Vft l V0 is applied to the grid of the second 

reactaY\nI° U ^*u I* 6 1I i^ ermef V ar ^ a capacity which provides a low 
first vni ° 1>at mi f0r V 10 audi °-frequency voltage from the plate of the 
emml advantage of using this arrangement is that it gives 

vantftffA F 1 over a vide range of frequencies, while the disad- 

It is nff^ a oworing of the plate voltage across the load resistance. 

ubc in A.F. amplifying stages, but less frequently in R.F . 
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amplifiers, owing to the fact that the coupling resistances having self¬ 
capacities in parallel with themselves form shunt impedances, whose 
value is lowered the higher the frequency. 

In the inductance-capacity coupling, the external impedance 
is an inductance coil or choke with a low resistance but with a high 
reactance. Across the impedance of the first valve will appear the 
amplified A.C. voltage which is applied to the grid of the second 
va ve through the intermediary of a capacity. Due to the low resis¬ 
tance of the choke, the voltage drop across it is small. The great 
isadvantage of this method is that the amplification obtained from 
a given choke varies with the frequency amplified w r ith the resulting 

j *. aTI V nde9ir able feature in an amplifier which maybe 
a\oided by using high resistance wire for the choke. 

The tuned anode coupling is an improvement over the previ¬ 
ous method, where the peak effect for different frequencies are taken 
advantage of. If a condenser, whose value can be varied, is shunted 
across the choke in the plate circuit, it becomes possible to make this 
parallel circuit exactly resonant to any desired frequency and thus 
obtain maximum amplification of a small selected range of frequency. 

The last tw o methods can be used both for A.F. and R.F . 
frequencies. But on account of the high cost of choke as compared 
with resistance, these types of amplifiers are seldom used, except for 
purposes of high selectivity obtained with the tuned anode coupling. 

In the transformer coupling, the output voltage in the plate 
circuit of the first valve is passed on to the grid of the second valve 
through the intermediary of a transformer (step up), which enables 
the passed on voltage to be increased by the transformation ratio 
and thus secure a much greater voltage amplification than is possible 
in other type® of coupling. In the transformer intervalve coupling 
there is no need of an intermediate capacity since there is no direct 
connection from the plate of one valve to the grid of the next. If & 
condenser and leak aro found in the secondary circuit of a transformer 
coupling it is a definite indication that the next valve is a rectifier valve 
using grid leak rectification. Hence the primary of the transformer 
is included in the plate circuit of the first valve and the voltage 
variations induced across the secondary are applied directly to the 
grid of the next valve. 

The transformer amplifier can be used both for A.F . and R,F. 
amplifications, but the transformers used in the tw'o cases differ in 
certain respects. 

In A.F . amplification , the transformer is wound on an iron core » 
which gives the result that the magnetic leakage is negligible or the 
coupling is approximately perfect. In addition, the ratio of the 
secondary to primary turns may be as much as 5 to 1 or 7 to 1 giving 
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a bigger voltage across the secondary than the primary circuit, and 
hence a high voltage amplification. 

In R.F . amplification , the transformer must have no iron core, 
on account of the excessive eddy currents and hysteresis losses 
which occur at the high frequencies involved. They may be wound 
on a frame of insulating material with as little self-capacity as possible. 
Ihis however introduces considerable leakage and the coupling is very 
much looser than if iron were used. Satisfactory results have been 
obtained by the use of powdered iron-cores, where particles of iron, 
often colloidal in size and nature are embedded in an insulating 
material by the application of high prossure. Such a composition 
produces a core with the properties of iron, but in which eddy currents 
and hysteresis losses are minimised on account of the insulating sur¬ 
faces separating tho particles. 

In the transformer as in the case of inductance coupling there 
are self-capacities between the turns of the primary and also of the 
secondary and similar effects as regards “peaky” amplification may 
e expected. The same steps are takon either to eliminate it by 
winding the transformers with high resistance wire or to utilise the 
cx( optionally good amplification it gives by tuning either the primary 
or secondary inductances or both so that they form resonant circuits 
o t ie received frequency with a consequent increase in selectivity. 


e have considered above a simple type of anode-resistance, 
! ° fl e or ‘fransformor amplifiers. There is a more involved type, 
c ic j used in R.F. work and known as reaction amplifier. As 

j * S | a . 8 ? V 16 8aiIie principle as that of a valve oscillator, w r e shall 

1 Wlth lt be,ow aft er studying the triode as an oscillator. 

**\ tho Push-Pvll arrangement, two valves are used, fed from 
an p P appei intervalve transformer, so that equal voltages are 
the vfiha° * a< valvo in the opposite direction. In consequence, as 

^ °lrP ^ ri< ^ increases, that on the other decreases bv the 
tho nlft+» Un * ^responding increases and decreases take place in 

formL witK CUrren * an<1 th f so . are passed through an output trans- 
tions in vnl+f Ctn re ^tapped ]>rimary. It will be seen that any varia- 
effoct in thr C0 J n ^ )in< ^ m the output stage to produce an additive 
valve eaneol 8eCC ! n a . r ^* ^ut f'hat tho steady plate currents from each 
cernc^so^tLaf H r oub far as tho output transformer is con- 

saturation an^i ir ° n c ^ rcu ^ °f fhis transformer is not subject to 

the core Thn i 6 c °P 8ec l ue Qf undesirable reduction of inductance of 
arisine from vaD a S e of fhc push-pull system is that distortion, 

Krcatlv rednced Ve TwT P fofm at o°f n d!st ' vidol - v diflV, irl * fluencies is 


t-h 


k r . voJvo . . "v~ . uiauorfcioTi, due to the curvature of 

» 4 . aractonstic, produces a doubling action pivin^ second 

null 'irnn<rpmpnt 4K ngmal note. It is found that with a push- 

other frivimr ann 0 curvature of ono valve is counteracted bv the 
ot 1 e ivl »« appreciably less -even harmonic- distortion. 
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Feedback. The performance of an amplifier may be pro¬ 
foundly modified if the p.d. developed across a late stage can affect 

the input to an earlier 
stage. Fig. 66 illustrates 
an amplifier with a feed¬ 
back circuit. The amplifier 
alone has an amplification 
factor of A times, so that 
a voltage e applied to its 
input terminals produces 
a voltage Ae at the output. 
A fraction p of the output 

voltage (fiAe volts) is fed 
back by the feedback circuit and added to the input voltage. To 

produce the voltage e between the amplifier input terminals the total 
input voltage must be e — $Ae (a vector difference). 

The effect produced by the feedback depends upon the phase of 
the feedback voltage. Two extreme cases are positive feedback ((3 A 
positive) in which the feedback voltage assists the input voltage and 

negative feedback (p A negative), in which the feedback voltage opposes 
the input voltage. 

If the feedback voltage is in phase opposition to the input voltage , 
(P A negative) a total input of (e + p Ae) volts {an arithmetic sum) 
produces only e volts to be amplified.. The output voltage is Ae and 
the overall amplification is Aej(l + p A)e = A/( 1 + p A). This is 
approximately 1/p it A is large. The amplification is reduced but is 
less dependent upon the value of A. For example, if p = 0*1, then 
when A = 100, A/(l + p A) = 100/11 = 9-1 ; if A = 800, A/(l + pA) 
= 800/81 = 9*9. Thus changes in A resulting from changes in supply 
voltages, or changes in valve characteristics or change of single fre¬ 
quency, have less effect upon the overall amplification. The am¬ 
plifier is more stable and has a better frequency response (if a level 
response is fequired as in an audio-frequency amplifier). Negative 
feedback also reduces the effect of any distortion generated within 
the amplifier and not present in the input signal. Consider an ampli¬ 
fier which, without feedback, gives an output voltage F( = Ae) and 
a distortion voltage D when an input e volts is applied to it. • With 
negative feedback, an input voltage E — e + pF gives the same out¬ 
put voltage V and a distortion voltage d ; the voltage feedback is 
pF + p d. The voltage actually applied is the input voltage minus 
the feedback voltage, i.e. t E — pF — pc/. The voltage E — pF == e 
is at the signal frequency and gives an output voltage V and a dis¬ 
tortion voltage D. The distortion voltage feedback ( — pc/) is ampli¬ 
fied to appear as — p Ad in the output. The total output is thus 
V y in addition to a distortion voltage D — p Ad. But the total 
distortion voltage in the output is d or d = D — p Ad y whence 
d = D/( 1 -f- p^). The percentage harmonic distortion or noise in the 
output is thus reduced by negative feedback in the ratio (1 -f pA) : 1. 
The negati ve feedback is known also as inverse or degenerative feedbacky 


INPUT 



1 - 

Ae ourPu 



Fig. 66. Principle of feedback. 
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by means of which distortion in an audio amplifier can be reduced 
and the frequency response of the amplifier greatly improved ; this 
improvement in quality is obtained at the expense of the gain of 
the amplifier, but with modern high amplification tubes it is easy to 
obtain all the gain that may be desired. 

J f> OTi the other hand, the feedback voltage assists the i nput voltage , 
(M positive) the overall amplification is 4/(1 — p4). If p4 is less than 
one the overall amplification is increased but made more dependent 
upon the value of A, For example, with p = 0-001 and A = 100 
the overall gain is 100/(1 - 0-1) = 111 ; if A = 800, the overali 

gaia ,!~ 800/(1 0-8) = 4000. Changes in A are thus exaggerated ; the 

amplifier is less stable and any inequalities in frequency response are 
exaggerated. The positive feedback considered is known also as re¬ 
generative feedback and is utilised when selective amplification is 
desired (as in a narrow-band radio frequency amplifier). 


..I/*' 16 positive feedback fiA is made equal to one, the overall 
amplification becomes infinite. Then any random input signal will 
Be amplified and produce a large output signal. In practice, the 
condition that is positive is normally possible at only one frequency 
and the amplifier oscillates at this frequonary. Normally 3A mav not 
e made to exceed one, since a minute input of e volts will cause 

twu tp “n ° f Ae V0lt ? and a feedback voltage of more thane volts 
which will increase the input and so increase the output and so on’ 

roirfi 1 ^fnerative fee , d back the signal fed back from the output 

strati, 1 m ° re Slgn “ being fe<1 int0 the in put, and th B signal 
oSfS,y ay P r °g reS3ivel y increase until the amplifier reaches an 

nart cSlv7‘T, W3 COndltl0 L n L This Phenomenon of self-oscillation is 
amnlifwS tr ? ubles l om u e Wlth three-stage amplifiers or with two-stage 

are P consWe h r?»d“ g a , h \ gh gain : Tbe means of overcoming this difficulty 
nsidered in a later section dealing with reaction amplifiers. 

tion Jhfpfi fe , edback also increases noise or harmonic distor- 
tnent similar.to that given above in the case of negative feedback " 

essentfid &S a “ osciUator * In modern radio work, it is 

quenev electrnlf & 8 " Pply ° f c °ntinuous and undamped high fre- 
superimMsed^^magnetic waves, used as "carrier” waves on which are 

and the resultinD 6 *' 6 ! 6 ^?^ ^ 0 * ° f l0W froc l uo ncy signal or speecli 
be received * dialed waves aro broadcast through space to 

frequenev i ^ 8tatian8 - Th « continuous undamped high 

type where th eSare a l 8 ° used m receivers of the superheterodyne 

WlV ™ s ‘gnal is mixed with the 

triode vflve has prove ^tcTf + ° f v SOmowhat hi K her frequency. The 
frequency undam^Jf itself to be an efficient generator of high 
quency, undamped and continuous oscillations. 

If an rmpSlfa's ° f ° Scillator ma 3' bo stated as follows 
and if a portion Q of fts outmft k 11 f put and ou tP llt terminals 

the resulting amplifier is ufil the ln P ut ’ the g ain <» f 

W(1 Pm). If Pm becomes 1, the amplifier ia 
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capable of maintaining an output with no external input i.e., it be- 
* comes an oscillator. The general principle involved in using the triode 
as an oscillator is the so-called react ion-coupling, i.e, y the introduction 
of a suitable amount of coupling between the grid and the plate 
circuits. Such a coupling may be realised in various ways : inductive , 
direct or mutual, and capacitative. Mechanical examples of reaction 
coupling are the escape wheel of a pendulum clock, the slide valve of 
a steam engine. In all these, a uniform process is interrupted in the 
correct frequency and phase, the energy losses of the control mecha¬ 
nism being made up from the energy of the uniform process itself. 


The circuit details of an arrangement of the triode valve as a 
generator of oscillations are shown in Fig. 67. B| is a low tension 

battery which supplies the 
heating current to the fila¬ 
ment. B 2 is a grid battery 
providing the required grid 
bias. B 3 is a high tension 
battery of the plate circuit. 
In the plate circuit an oscil¬ 
latory system, containing a 
self-inductance L, a capa¬ 
city C and a resistance R is 
introduced. The grid circuit 
contains a reaction self-in- 



Fig. 67. Circuit diagram of a triode 

as an oscillator. 


ductance N, also a capacity 
Cj and a resistance R,. The 
self-inductances of the two 


circuits, viz. y L and N are coupled to have mutual inductance M 
which can be varied. Let us suppose that oscillations are excited by 
some means or other in the oscillatory LC part of the plate circuit. 
Let us further suppose for a moment that the grid circuit does not 
contain any self-inductance N and in consequence there is no coupling 
between the plate and grid circuits. In such a case the oscillations 
started in the plate circuit will be rapidly damped. The frequency 
of these damped oscillations is determined by L, C and R given by 
the relation 



and may be controlled by a suitable variation of these quantities. 
But, if the grid circuit contains a self-inductance N and if the two 
inductances L and N are coupled to have mutual inductance, the 
oscillations excited in the plate circuit will induce oscillatory varia¬ 
tions of the grid potential at the same frequency. On account of the 
controlling effect of the grid potential on the plate current a variation 
of the latter will result with the same frequency of the “injected 
volts" in the grid circuit and hence with the natural frequency ot 
the oscillating plate circuit. This means that the supply of current 
to the plate circuit is synchronous with the oscillations already exist- 
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ing, and if the relative phases are favourable, the oscillations are 
worked up to greater and greater amplitude until a limit is set to the 
process by the unavoidable energy losses of the system Further if 
the rate of dissipation of energy in the oecHhrtor/circuit i» equal to 
the rate of supply of energy from tho high tension battery, conti- 
ini " n u,ld 11 fidamped oscillation can be maintained. The grid does 

not by itself supply the power necessary in the oscillatory circuit 

which is derived from the H. T. battery. Nay more, it has to draw 
power from the plate circuit to make up for its own energy losses 
to secure which the coupling must be made sufficiently tight. When 
ese conditions are obtained, the grid controlling the anode current 

en™/* m . oment > t e > at the right phase, enables the oscillatory 
curcuit to maintain its oscillations undamped. 

,1,. „T} le . chl ® f f unctl0n the condenser Ci and resistance R, in 
the grid circuit is to produce an automatic adjustment of tho grid- 

bms which increases the efficiency of the valve generator. When the 

valve is producing continuous oscillations the grid oscillatory 

potent lal vari t h rough , arg0 va , ues on e . ther Bjd P« 

grid cumnrflowI Ue h ( f ri ^ d ; biaa ) and . ^ is positive to filament 

auenTThi , * bu t when negative there is no current. In conse- 

SLafso g tka Th k reSiStaDC °, Rl ' this ne 8 ative <*«go » made to 
ing nnint^ T? at mean S nd Potential is maintained at its work- 
ng pomt. The more powerful the oscillations tho greater i* tiL 

grid automl t t- nt n 1 °^ he gT - id and by desi 8 nin g th « lefk suitably the 
The values of C ar^th^ ^ th6 desirefl T value of . the gridffiias. 

C,R, of the combination is too krgTthe grhi build^up^oo 7 nStant 

vafve 1 To P the n osoiMatorv h cirr 0 t Rt -° f v™* transferred fwm'thi 

lations When S fw 7 * 18 ln8ufficient to maintain the oscil- 

condenser discharges th ronlTTlf ' T ?, rid current flows and the 

which the grid g nLTt o? g the u leak untl1 .reaching the point at 

possible. Under these rnmHf vT * at oscillations again become 
starting and stonnfnT , condltlo l ns . oscillations will be continuously 

continlue o^nSL'* ° bvi T ,y a thin « to be avoided when 
enough to oKtt; q +« ^ reauco Kj, since C. must be large 

potential of the grid P wh\oh nCe<i i+ flUCfcUatl ° nS in tbe mean negative 

Proportion of harmonics in thTnUtT &n uanece8sai T increase in the 
o .. narmomes in the plate-current wave-form. 

oscillationTare < onco started^TT^’ W<> assumod above that if 

otlier they can be maffita' A T pkt ° circuit b y some means or 
Valve generators cTn l!oZ Undara P e< ! b >' * b ° reaction coupling, 
condition for this isThat Z b ° made ^^ oscillatory, and the 
180° out of phase with -P- a f potential should bo approximately 

difference is readily obtaffied^ W^ ed VO ’ fcag0 ° L f the grid. This phase 

not a uniform circulatory current in ft fa< ; t tbat ,n Practice there is 
direct current supply tffi, the , P ate flrcuit although fed by 

greater than in the inductance I “a ca P acit >' C bein g slightly 

inuuctanco L. A great variety of circuits can 
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be arranged which satisfy the conditions for self-oscillation. The 
simple arrangement described above is a mutual inductive oscillator. 
Instead of using a separate inductance in the grid circuit the feed 
back to the grid may be obtained by tapping a fraction of the alter¬ 
nating potential developed across the inductance of the tuned circuit. 
The circuit is then called the direct inductive 1Hartley oscillator. Direct 
capacitative circuits also have been designed, which are known 
as ColpitVs oscillators. 

* Power in valve generators. Under self-oscillatory conditions, 
since the oscillatory power is derived from the input power which 
is the product of the mean plate current and the plate potential 
supplied by the high tension battery when the circuit is non-oscil- 

greater the D.L. voltage supplied to the plate the greater 
will be the oscillatory power. Hence thousands of volts are applied 
to the anodes of modern transmitter valves. The "oscillatory oower 
is usually expressed by the relation W = * . u. KV g 2 (ordinarily in 
milliwatts). When the internal resistance R, is equal to the external 
resistance, W oo ^ . K ; hence great importance is attached to the 
product of the amplification factor and the mutual conductance 
(P . K), which is called the quality of the valve. 

Huitialve generators. Valves designed to send out electro- 
magnetic energy to considerable distances must have high oscillatory 
power. This can be obtained by increasing the number of valves, 
which may be arranged in series. This involves the necessity of pro¬ 
viding an H. T. supply greater than that required for one valve, 
hence seldom used. If used in parallel the anodes are connected in 
parallel with the same H.T. voltage applied to each and the grids 
are connected in parallel to grid excitation inductance. The number 
^ v &l v ®s that can be used in parallel is limited on account of the 
appearance of parasitic oscillations which rob the main oscillatory 
circuit of energy. The valves can be arranged also in the push-pull 
system where the oscillatory circuit connected between the plates 
of the two valves forming the system and the mid-point of the 
oscillatory circuit inductance L is common with the filaments. Fur¬ 
ther, the grid and plate taps of each valve must be on opposite sides 
of the common filament tap. An advantage of this arrangement is 
the absence of higher harmonics, chiefly of even ones which are 
principally responsible for distortion. 

For a given circuit and component valves the condition 
for maintenance of oscillations is that the mutual conductance K for 
the valve .should have a certain value in terms of other parameters 
including circuit loses. Oscillations of small amplitude are started 
in the tuned circuit by some random fluctuation. At the start, 
circuit losses are small and Iv is high and hence the amplitude builds 
up. At the same time, due to the bias developed by the grid leak 
(CjRi) combination, the grid backs off to regions of low IC, and the 
amplitude stabilises at such a value that the bais developed keeps 
the grid at that value of K which is required for maintenance of 
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will x ^tms amplitude. Any tendency for the amplitude to increase 

amnlif!^ men m fche , loss f. and reduce K this will restore the 

C »!l"n To realise this, as explained above, the values of both 

tion i o ! are ra er critical, particularly when the same combina- 

as JZ? functl0n 0ver a » appreciable frequency range, say 1 : 3, 

damning nf th T*"?"- K R ‘ is mado to ° low , ifc buses' heavy 

low frem^n^ 6 tU , ned circ, ' lt and ,dilations may not start at the 

tions ^ ^ made t<)0 it starts intermittent oscilla¬ 

tions at the high frequency end. 

am JS eq m S ° sciUaiions generated by valves. Valve generators 
C e „ Production of undamped oscillations with 

canlciW P and F 7 C eS P r f ' r f cond ' B y suitable reduction of the 
second mav vi m( !f Ctan 7 t fre 1 uencies of about 10» cycles per 
than 3 v 10» w S rtmt-i In , radl ° service a11 frequencies higher 

of freLUirr thc name V.H.F. (very high frequencies). Waves 
cvcles q ner c r b i t " eCn3 r X 10 and 3 x 10 l0 > 30 to 30,000 mega- 
rancinv f °,7 are ° ftcn caBed “ultra short-waves ” (of lengths 

are calfed aho ‘ 40 » T t Waves hi 8 hcr than 300 Mc/sec. 

and deslgn the ZZof 1*7 1 With - 8Uitable Care 

normal valve circuits nn tn Obullatl0ns ma y be obtained by 
(60 cm.). Clr(U,tS 1 0 a fre oncncy of about 500 Mc/sec. 

am oMittfe 0 !l n f d tb ft frequencies higher than about 25 Mc/sec. 
heyond this limit the lon g- dlsta nce communication, since 

the ionosphere to m ,Tl Th WaV ° S ar ° n ° fc suffic ^ntly reflected by 
this disability verv hith^f tbem rCtUrn t0 earth -. Notwithstanding 
number of annlimtii7 rL( l uenc y_ waves are finding an increasing 
receiver valveThke the «c UUh ° h ° rl ' ran 9 e communication in whioh 

ing satisfactori v .t f ™ ° f R , C A ' P roducfc ion, capable of work- 
designed and tlL, — frec * aen 1 c, f s f rom 60 to 300 Mc/sec , have been 

cies to avoid undeshalde'' t° f baS t0 b ° res tricted to higher frequen- 
of the side ba!ld Th ^ T* CaUS6 . d h 7 the excessive width 

qency are the two i| 6 D ]° St n ? ode , rn applications of ultra-high fre- 

microwave spectroscont/°nf ^, re . afccd techniques known as radar and 

spectroscopy of which we shall speak presently. 

are designed” on the^'mc**'** i especially for H.F. work, 

valve oscillators In f°*7 reac ^ on coupling, as in the case of 
on the same nrirndnl!' •+t a *u° n am Phfiers and oscillators work 
circuit LC is ? n the^ ' ^* th tlle . on . , y difference that the oscillatory 

anode circuit in tho oscfllator ^ ,rcuit in t,ie amplifier while it is in the 
N is in th7anode r circuit a . r<i ^ etlon amplifier, where the reaction coil 

the reaction amplifier is al °wn in Fig. 158. The chief purpose of 
and thus to increase the strenTth'of th ° dani P in S of the input circuit 

Principle of action is as follows • Whin'S 8 tel . 0 Ph 0 nes. The 

U * ”hen the input signal is applied to 
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the grid it will give rise to an oscillatory plate current of the same 
frequency. This current must pass also through N the reaction coil, 

/P\ commonly called the 


N 


M 


w w 

R 


1 1 “tickler”. If this coil 
is coupled to L in the 
j 1 proper manner it will 
induce a voltage in the 
H. 7! input coil L in such a 
-o direction that it will be 
in phase with the input 
signal and consequently 
I cause an increase in the 
amplitude of the input 


Fig. 68. Circuit diagram of a reaction amplifier. signal voltage. This is 
what is known as regenerative or feed-back aynplifi cation. Part of the out¬ 
put voltage is fed back to the input in the right phase so that the 
amplitude of the input increases up to a certain iimit when the supply 
of energy by reaction is just balanced by the energy losses due to 
damping in the system. Since the reaction coil N produces exactly the 
same result as if the resistance in the LC circuit were decreased—for, 


by decreasing the resistance in the LC circuit the current in it increases 
and the voltage across it will increase — we may say that the feed back, 
if in proper phase and magnitude, introduces an effective negative 
resistance in that circuit. When the valve thus feeds back sufficient 


negative resistance so that the entire resistance losses in the input 
circuit is compensated, the system maintains itself in a state of conti¬ 
nuous oscillations requiring no additional energy from without ; in 
other words the valve is acting as a generator of oscillations. 

Theoretical considerations show that the coupling of the reaction 
coil must be less than that necessary to set up oscillations in the LC 
circuit so that its effect must be to diminish the effective resistance 


present in the circuit and to give larger amplitudes of oscillatory 
current and of voltage applied to the grid for a given signal voltage. 
If the coupling is increased too much, a continuous oscillation is set 
up, quite irrespective of the incoming wave, which would produce 
distortion. Theoretically the damping of the LC circuit may oe 
reduced to zero and hence the amplitude of oscillation increased to 
infinity. In practice, it is necessary to leave a margin of stability so 
that the amplifier may not be too near the border line at which it 
generates self-oscillations. Armstrong has been able to devise a super- 
regenerative circuit, by means of which it is possible to obtain a 
power amplification of 50,000 or more with a single valve. The 
principle adopted is to increase the reaction to such an extent that 
free oscillation is actually produced. This oscillation, however, is 
periodically quenched by some suitable means. It should be noted 
also that the use of reaction, by decreasing the effective damping, in¬ 
creases the selectivity of the receiver and that light damping gives 


highly selective circuit. 

Note on self-oscillations in amplifiers. Controllable reaction is of 
great use in increasing the strength of the incoming signals, as we 
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° f the trOUb,e3 of wireless-technique are 
lable ^“ 10na ' . r . ea , ctl r 0n which may sometimes be uncontrol- 

fiers it is more ^ a » A gh ^ rec * u . enc ^ ea and w ith multivalve ampli¬ 
fier du! Z ? a r he , CaSG that reaction i n herent in the ampli- 

L more nerma^ t nec l md r tanc , es ’ Stray ca P acitie3 between leads, 
counli M8 P en? h n mter-electrode grid, anode capacities, resistance 

waiLd g Tt 1 ,tendency to self-oscillation, where this is not 

nite hmit m A Pr ,° blenl of '"'wanted oscillation which sets a defi- 
Cdtv of nl, th « am P ll fi ca ti° n obtainable with any model, the c 
J of preventing it increasing with the number of valves used 


l T 

o 


devices1-° SCil,ati0n am l )lifiers may be minimised by the followin 
crossing f. imple P rer ' JUiionar !/ measures, such as the use of short leads 

different stages et?* a " g US t of . earthed metal screens between 
between different paVtaofThe Suit!™ ^ capacitative cou P lin g 3 

avoid r’esisfhm coupl^ 5 ^ 5 a< ' r °‘ SS battPries and potentiometers to 

reversed ^ ^ reaction c <"ls with 

stead of assisting" t I>reVCnt generation of oscillations in- 

<lenser ( s l t ) o prod u ctan eolaf a cir euits consisting of con- 

lierent in the amnlifW ? 1 0p | ,0 f ,te reacti.m effect to that in- 

tne amplifier by reason of the inter-electrode capacity 

m b2 t i ;,todCtrv“;^i l r " ith 

" hfch *« i* 

1- Radio^recelvw. ta ^he Pr hft **. Cal - a PP Ucations o( the tricde. 

detection of signals* sneerh P rlD . clp ® a rad '° receiver is the 

transmitting station ’ The ut' f mu81c > broadcast from a distant 
(R.F.) carrier waves modl?^'^^'gnals consist of high frequency 
music waves. Since the signal« a ^ °w frequency (A.F.) speech or 

coming from either distanW.r In ^ usuady weak on account of their 
be amplified by means of a r transmitters . they have to 
signals are direotlv iLa % hf ’ eq ?' ncp a ’»PWer. Further, if the 
speaker, the diaphragm will r ° U f gb i, & telephone receiver or loud 

frequency of the siirnaU a n0 u be ab e to v 'brate at the high 

«»;*■ r J . Joh SZSrT' •* >• to « P .»i 

rectifier, which demiwtnU^ th ® j , carner waves by means of a 
Present in the uppers wepL^ hh^. 6018 Since the A ’ F ' si g ,lal is 

of the signal is first cut off hv ° tb ? ow . or half of a wave, one half 
separated from the R F rectification and then the A.F. is 

order that the separated^ i<^ thC i hdp ° f & 'TP ass con<J enser. In 
speaker, it is to be amnlifii«i'K l8na ^• may effectively function a loud 

A receiving set must be able t7 m f nS °[ a low f re 1 uenc y amplifier. 

must be able to perform these various functions 
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There are two types of radio receiving circuits, known as the 
straight and superheterodyne sets. 

Straight set. This may be constructed with one, two or three 
triodes. We shall here describe briefly a three valve receiver , 



indicating the functions performed by the various components in it. 
The circuit diagram of a three valve set is shown in Fig. 69. The 
three stages in it are :— 

(?) R.F. amplification. The incoming signal impressed upon the 
aerial A produces a ver 3 ' small high frequency current in the coil 
Lj, which is then induced in the tuned circuit L 2 of the grid of the 
valve Vj which acts as a high frequency amplifier . 

(ii) Detection. The amplified radio frequency current in the 
plate circuit of the valve Vj is passed on to the grid of the next valve 
V 2 which is inductively coupled to V 2 through a radio frequency 
transformer with an air core (R.F.T.). The valve V 2 acts as a grid 
leak detector , indicated by the presence of the condenser C g and 
resistance R ff . 

(Hi) A.F. amplification. The rectified current is amplified by 
a third valve V 3 , inductively coupled to V 2 through a step-up audio 
frequency transformer with an iron core (A.F.T.) which acts also as a 
short for the R.F. component. V 3 , which thus acts as a low frequency 
amplifier , must be made to work, at the middle of the steep part of 
its mutual characteristic. The audio frequency current in the plate 
circuit of V 3 is now sufficiently strong to operate a loud speaker L.S. 
An A.F. choke placed in parallel with the loud speaker (not shown 
in Fig.) allows the D.C. to pass through but impedes the audio 
frequency pulsations. 

Superheterodyne cet. - The simple straight circuit, described 
above, has been replaced by a more complicated but more efficient 
one, known as the superheterodyne* circuit, which makes use of the 
beat or heterodyne principle. In this device, the incoming modulated 
R.F. signal, after amplification, is mixed with locally generated 
oscillations of somewhat higher frequency. This results in a beat 
frequency equal to the difference betjveen the two frequencies that 
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hav< boon mixed, which is still inaudible. The mixed frequency 

is then amplified, rectified and again amplified as in the* straight 

circuit. For a more detailed description of the superheterodyne 

receiver any standard book on radio may be consulted. Of late there 

has been a minor revolution in radio receivers by the appearance of 

light-weight, small-sized, portable superhet sets, built with extremely 

1,1!Jil ' simple devices, known as transistors, taking the place of 
thermionic valves. 

2. The triode oscillator as a metal detector, A triodo 
oscillator can be used for detecting the presence of hidden metallic 
objects in the vicinity. The device consists of a search coil (induct¬ 
ance) connected to a radio frequency triode oscillator of variable 
frequency which is fed into a mixer. Signal from another radio 
requency oscillator of fixed frequency is also fed into the mixer, 
^he resulting heterodyne effect is a beat frequency equal to the 
difference in the frequencies of the two oscillators. The beat note is 
amplified and then passed on to a telephone. When the search coil 
is rought near a metallic object, the eddy currents set up in the 
nu.ta: react to reduce the inductance and thus cause a change in the 
requency of the beat note heard in the telephone. By this means 

exp osive mines buried in the earth, smuggled gold concealed in 
boxes, etc., can be readily detected. 

. ** Dunmngton’s precision method of measuring e/m 

using a valve oscillator. The principle of the method is illustrat- 


Fig. 70. Dunnington’s method 
of measuring e/m. 
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!Lm! entil1 °/ < ? an be made to be in such a P hase that the 

are re tardecl as they approach B, so that they do not enter 

,, , ra a ^ c y rnder. This result is secured in practice by varying 

the strength ofthe .magnetic field step by step and noting the 

‘ 1 , 0M }” the , g alvan °meter for the different values of the field ; 
min”*, dafca th . u ® obtained are plotted, the graph shows a sharp 
““ ra “ * he deflection of the galvanometer and the correspond- 
ng value of the field strength can be readily obtained. 

RtrAn„Vn nd r such a condition of minimum deflection, let H be the 
+ . .* ° f the magnetic field, v the constant velocity of the electrons 
that traverse the circular path of radius r defined by the slits. 

The circular motion of the electrons is governed by the relation 

mv 2 Her 


Hev = - 


or v 


m 


( 1 ) 


ii Considering the time taken for the electrons to revolve through 
nntprrff* f i trave ^ a ^stance r 6 , and remembering that the 

Fn phase ^ B 1S ^ Same in ma " nitude as that at A, but opposite 


v = 


rO 


rB 


= 2vr0 


T/2 l/2v 

where T is the period of the oscillator and v the high 
tile voltage*. ° 

From (1) and (2), we get 

Her 


... ( 2 ) 

frequency of 


m 


2 vr0 
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, ■* n relation, since v, 6 and H can be experimental^ measur¬ 

ed, the value of ejm can be estimated. 


. , . “nthod, first suggested by Prof. Lawrence, was developed 

to high precision by Dunning ton. A quartz crystal control was used 
to maintain the frequency v of the oscillator constant. The angle 6 
was measured with great accuracy. A large and powerful electro¬ 
magnet was used to have a uniform magnetic field and the value H 
lor the critical field was determined to an accuracy of 0-02%. The 
value of ejm obtained was 1-7698 x 10 7 e.m.u. 

Multi-electrode valves. For a time the triode valve was the 
one universal type which served the various needs of radio service, 
such as generation, detection and amplification of radio waves. But 

valve technique has resulted in many other valves more 
efficient than the triode in solving problems encountered in the pro¬ 
gressive state of radio technology. Most of them contain more than 
three electrodes and hence are classified under tho general head of 

multi-electrode valves. We shall give here a brief account of tho 
more important ones among them. 
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The tetrode. In the case of amplification at high frequencies, 
the triode has the disadvantage that its action is unstable owing to 
the presence of a small inter-electrode capacitance between the plate 
and the grid which causes the plate and grid circuits to be coupled 
together. This coupling makes the valve to generate oscillations 
which is manifested by a whistling noise in the receiver. This dis¬ 
turbing factor is overcome in a tetrode, where an additional grid called 
the screen grid is introduced between the plate and the control grid. 
On account of this fact the tetrode is also known as the screen grid 
valve. The screen grid is connected to a constant positive potential 
less than that of the plate and to earth through a relatively large 
capacity C. The plate and the 
grids have capacities C\ and C 2 
respectively (Fig. 71). The plate 
circuit is now from the plate 
through C x to the screen grid to 
earth through C and back to 
the plate through the load 
impedance Z. The control grid 
circuit is from the grid through 
C% to the screen, through C to 

earth and back to the grid. The Fig. 71. Screen-grid aetion-Tetrode, 

component common to both circuits is the capacity C and by making 

this sufficiently large the voltage introduced in either circuit by a 

current in the other way may he made negligibly small. Thus tho 

audition of a second grid eliminates the coupling effect of tho plate 

and grid circuits, and as a result there is no tendency for the valve 

to generate oscillations and stable amplification is obtained. The posi- 

lve potential applied to the screen grid is made less than the plate 

p ential (about two-thirds) in order that the screen may not impede 
the flow of electrons to the plate. 

„• The presence of the screen grid has another important effect, 

P - , 18 less sensitive in its control of the electron flow 

lint m , br,odo > 8lno ° the screen itself exerts a considerable in- 

hteW m“. d ? nCa ? r the filamenfc than the plate. This leads to a 

than w!ntl^ Ua | cont | u ctanco and much greater amplification factor 

to have an ° ® r ' vlst ‘ ,c possible. A modern tetrode can be made 

Unco of 4 am P ,,hcatl °" fact0 ‘- ove r 1000 with a mutual conduc- 
uuiu, ot 4 or more. 

Plate t Pe ,? t 0 t f e The omission of secondary electrons by the 
thermionic el, bombardm ®nt of its surface by the fast moving 
distortion £ if ?'V Til 3 the tetrode function abnormally causing, 

the icr^n 6 tI P T potent,al > when its value is less than that of 

the plate are atlrl V°*m °[ tnode secondary electrons emitted from 

total numhillf id T 1 back t l bhe pIate and hence do not affect the 
secondarv elcctro,ls caching it. But in a tetrode many of the 

positive potentiaj n ch ar fl att ^ aCte< 1 i t0 tke SCrCCn ^rid due to its high 

, hiefly when the plate potential is much less than 
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tial the taAl n? i ha r 7* hm a certam ran g e of the plate poten- 

nn^nt fl h screen potential at its normal fixed value, if the plate 

norma/h! “ ? '"Tff th ° plate currenfc at first increases 

of the somndarp 1 I reacbed > however, where due to the attraction 

to in, r!! 0 ! o d J y ! eC n 0I V S n y the screen g fid > th « Plate current ceases 
the t,iIT d actaal, y faUs > so tha t we have the curious result that 

This • d6Cl ; eascs while the P« a te potential is increasing, 

ihis state of affairs, Iiowever, soon ceases when the plate potential 

cu?r e n nt S rkeT P r rab f T* 1 ^ S , Creen potcntial - af ter which the plate 
becomes higher than that of the screen. This interfcrence of the 



Fig. 72. Anode characteristics of a 

tetrode. 


screen against the normal flow 
of electrons to the plate appears 
as a kink in the anode charac¬ 
teristic of a tetrode, as seen in 
Fig. 72. ABC is the kink, while 
the normal curve should have 
followed the dotted line. The 
kink reaches a maximum when 
the plate potential is about 70% 
of' the screen potential. For 
most purposes the kink is a 
nuisance and restricts the use 
of the tetrode ; for instance 
it cannot be used for low fre- 


. . quency work. To remove the 

in it is necessary to return the secondary electrons to the plate 
even when screen is positive to anode. 


. The pentode or five electrode valve achieves this with a third 
grid, called the suppressor grid , introduced between the screen and 
the plate. Ihe suppressor is usually made with wider spacing than 
the other two grids and it is connected directly to the filament, so 
that its potential is zero. It has very little effect on the omission 
of secondary electrons, but it exerts a powerful control upon them 
as soon as they are produced, driving them back to the plate even at 
low plate potentials, and thereby giving a uniform anode charac¬ 
teristic without any kink. The amplification factor and impedance 
of the pentode are high, just as for the tetrode, the amplification 
factor reaching even up to 2000. It can be used for high amplifica¬ 
tion at audio or radio-frequencies. In radio-frequency amplifiers 
screening between anode and grid circuits is very important; in pen¬ 
todes for such uses the screen grid is attached at the ends to metal 
screens which completely enclose the control grid and the suppressor 
grid is connected to one of the valve pins so that it may be properly 
earthed. In audio-frequency pentodes screening is of little import¬ 
ance and the suppressor is connected to the cathode inside the valve. 
When all the electrodes are connected to external pins a pentode 
may be used as a triode or as a tetrode. If the screen, suppressor 
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and anode are connected together the valve acts as a triode ; if fch.6 
suppressor is connected to the screen the valve becomes a tetrode. 

Kinkless tetrode (beam power tube). More recently it has 
been possible to dispense with the suppressor grid ami control 
the secondary emission from the anode by proper shaping of the 
elements of the tetrode itself, chiefly by increasing the distance bet¬ 
ween the screen and the anode and utilising deflector plates connect¬ 
ed to the cathode which form electron beams that fall on the anode. 
These valves are usually termed “ kinkless tetrodes or beam power 
tubes ”. They behave just like pentodes and have similar characteris¬ 
tics, except for a sharp break (‘knee’) at the point where the screen 
potential and plate potential minimum are equal. 

The hexode, beptode, octode and triode-hexode* These 
valves, containing still more eleetrodes, arc widely used as frequency 
changers or mixers ; they are really multipurpose valves. For reasons 
of economy or space*saving, several functions that would otherwise 
be accomplished by two or more valves are achieved hy a single one, 
consisting of the elements of the different valves, all mounted within 
a single envelope, each unit operating either independently of the 
others or with some sort of interaction between the several elements. 
For example, a triode-hexode contains a triode oscillator and a hex- 
ode mixer ; the grid of the triode is internally connected to the mix- 
ing grid of the hexode. The two valve assemblies are placed end to 
end with a metal screen connected to cathode between them, and 
each uses a part of a single common cathode. The heptodo, called 
the pentagrid converter, is also a combination of an oscillator and 
mixer. In these valves the incoming radio-frequency signal is mixed 
with a locally generated signal of somewhat higher frequency with 
the result that the output in the plate circuit has a frequency equal 
to the difference between the two which are mixed. 


MAGNETRON AND RADAR TECHNIQUE 

Radar, which is the abbreviation for “radio detection and rang- 
mg , may be defined as a device in which radio-waves are used to 
fix the position in space of an object, though it may not be seen by 
^ ^ eye, on account of either the great distance involved or some 
other causesj such as darkness, cloud, fog, etc* The term “radar” 

a single particular instrument, but to a group of 
varied and flexible, but intimately related techniques which employ 

t e same basic principle stated above and have more or less the 
same end in view. 

, . Principle of the radar. Radar, in the ultimate analysis, is a 
kind oi echo meter , using radio-wave instead of sound waves ; hence its 
main principle is best understood by a consideration of the location of 
an object by means of sound echoes. . A sharp hand-clap is sent back 
as an echo by a reflecting surface such as a cliff, and the distance of 
the cliff from the person making the hand-clap can be measured by 
sun ply counting the seconds that elapse between the hand-clap and 
the hearing of the echo. If the clap is loud the echo will be pro* 
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Elff d d S®loud' *** “* ^ 

echo from S one of g them k & Th2e are tto ““ d f“f ^S^ouTtlTe 

particular cliff is best done bv making T !* e “ ea8U «»nent on a 

dap and then allowing “ ? nd * Ve ^ brief 

is given full play, since it is evident V 16 returnin g echo 

more intense also will be the echo anrftE th< L Iou<ler the cla P the 

the overlapping of echoes from sliirhtlJlriv 6 shorter the clap the less 
ing object m s,| g ht| y different points of the echo- 

powerful and very bri”f e1ectromagneS I nul Simi,ar princi P le - Vei T 

rougnetio pubes are sent out, very 

P™ er ful, meaning several hundreds of 

kilowatt power content, and very 

orte/, implying a few millionth of a 

second. The production of such 

Sa ^ CS j CaX i by specially 

signed thermionic valves, capable 

ot generating powerful ultra-high 

frequency oscillations. The sending 

ou o these pulses must be done 

exac ^ y ec l u al intervals, every 
/ sec. say, if the measurement 
° distances is involved, and 

every 1/5000 sec. for short dis- 
tances. This is achieved by a suit¬ 
able transmitter which works for 
about a micro-second and then re¬ 
mains inactive for the relatively long 
time of 1/25 sec, or 40,000 micro- 
seconds. The pulses are labelled on 
the basis of either frequency modu- 

active co-operation on the parW.f^thc o^ect^nde^htvMf* 101 !'- 
required ex f p, that it L* be .fch '%tZt rtTSSS <£ 

SSS SSVS4X Sf/# *rs?*r* r? 

Th. d Z«mr“e"of«? h “ .““"l’' “ lh ”“»« S eound eehoea 

Sa&tLShSte, th0 "oTZ 

nlates whTlc tkf i ‘ sa PP li «d to the horizontal deflecting 

re^,v;r are fed to P tie e l , 068 ,’ aft fl er P a ^ing through the radio® 
receiver, are led to the vertical deflecting plates of a cathode rav 

tube, special curves with V-shaDed “nin«’> }LJZ i■ .r 3 

received are traced on the fluorescent wall of to ecb ? e ® 

the position of tho object that ^ 0^7 tUbe ’ / r ° m Whl ° h 

ly a—in- a. regaKla d,c te „c, 1 Sti»: 



Prof. E. Appleton 
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of the radar consists essentially in the measurement of the echo 
delay time of the radio pulses. It was foreshadowed by Hertz s 
demonstration in 1886 that electromagnetic waves could be re¬ 
flected by solid and liquid objects, but it might not have been 
achieved without Appleton’s classical range measurement on the 
ionosphere with frequency modulated radio waves, successfully con¬ 
ducted in 1924, nor could it have reached its present practical per¬ 
fection and universal application but lor the discovery in 1925 of 
the amplitude modulated 4 ‘radio-pulse” system by two Carnegie 
Institution scientists, Breit and Tuve. 

Description of the radar systems. Probably no other 
scientific or industrial development in the history of the world has 
undergone such progress in all phases simultaneously and on such 
a large scale as the radar. Research work, technique, actual produc¬ 
tion, training of operators— all these had to go on at the same time. 
The reason for this is found in the fact that the radar was first 
developed on a large and intensive scale during the Second \\ orld 
War (1939-45) as a powerful weapon, both on the defensive and 
offensive phases, on account of its ability to direct warships and 
air-planes, aim and fire guns, pinpoint targets for bombing, help to 
destroy enemy planes, ships and fortifications, etc. Such a man}- 
sided use of radar under the feverish impetus given by the war for 
homeland safety and final victory over tho enemy largely contribu¬ 
ted to the production of different radar systems which mark also 
the progressive evolution in the perfecting of tho technique. 


The CM . or “Chain Home' 9 system was tho nrsL rauar io ue 
introduced in 1935 for the detection and location of approaching 
aircraft bombers. The wavelength used in this system was about 
10 metres. The transmitting array consisted of fixed horizontal 

aerials and reflectors suspended from 350 ft. masts*which let the 

pulse spread out nearly uniformly over a wide sector in front of the 
station, but very little behind, in order to avoid confusion with inland 
aircraft.^ The receiving aerial system, mounted on a wooden tower 
about 250 ft. high and a hundred yards away from the transmitting 
aerial, was made up of two pairs of aerials fitted with radio-gonio¬ 
meters, one for direction finding and the other for elevation measure¬ 
ments. This aerial fed the radio receiver connected to the cathode 
ray tube with the echo pulses coming back from an aircraft. The 
angle of elevation and the bearing angle of the approaching air- 
cra were measured by the use of the two pairs of aerials, while 
e distance was given by the echo delay time on the cathode ray 
u e, in this way the position of the aircraft could be completely 
ixe even when it was flying a height of 10,000 ft. and 100 miles 

a wav. 


* e or “Chain Home Low ” system . The Chain Home 

- ys em unctioned very satisfactorily for. the location of large form- 
ions o aircraft but was not so successful in dealing with small 
orma ions, particularly at low altitudes of a few hundred feet, on 
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account of the extremely weak signals returned by them. The echo 
strength was found to be directly proportional to the square of the 
product of the aerial height and of the flying height and inversely 
proportional to the square of the wavelength. To get long ranges on 
low-flying aircraft, it was therefore necessary to reduce the wave¬ 
length ; this reduction in wavelength allowed the use of smaller 
aerials. These considerations led to the design in 1939 of the CHL 
system, in which the transmitters, capable of ranges exceeding 100 
miles, operated on ultra-short waves of 1*5 metres. The dimen¬ 
sions of the aerial were of the order of a few yards ; they were 
mounted on a turn-table and rotated about a vertical axis at a slow 
rate of^six revolutions per minute, which sent out, in consequence, a 
united beam of about 12° to 15° width. With such a rotating trans¬ 
mitting aerial, it was necessary to use a beam receiving aerial which 
s ould always be in line with the former, in order to secure maxi¬ 
mum sensitivity. This was achieved by using the same aerial for both 
reception and transmission with the help of a duplezer , given the 
lact that transmission lasted for only short periods at a time, while 
reception could be made only during the intervals between the trans¬ 
mitted pulses. For the same reason, a radial time-base, which 
rotated at the same speed as and was in step with the beam, was used 
or the cathode ray tube. Small radar sets working on this principle 

were fitted to aircrafts, which patrolled to detect ships and aircrafts, 
chiefly at night. 

G. C. I . or Ground Control Interception . This system was 
obtained by adding to the CHL set one of the most revolutionary 
and versatile devices in radar technique known as the PPI (Plan 
position indicator). The need for this improvement arose due to the 
insufficiency of the CHL system to assure success for night fighters. 
The CHL system became effective only within the range of about 3 
miles from the target, and before that range was reached some device 
w'as needed to bring the night fighter in the right direction where 
the target was. GCI provided that device by the use of PPI which 
consisted in using the received pulses to brighten the spot on the 
cathode ray tube screen, instead of lotting them produce “pips” on 
the range scale. The special type of cathode ray tube used for this 
purpose was called the A~scope f in which the electron beam swept 
from the centre of the screen along a radius to the periphery and 
back to the centre ; the electron beam could also be rotated about 
the centre and the rotation was synchronised with the rotation of 
the aerial. With such an arrangement the target, when detected, 
produced a bright spot at a distance and in a direction from the 
centre of the screen which corresponded with the distance and direc¬ 
tion of the target from the station—hence the name plan position 
indicator. As the radar equipment was rotated, the reflected pulses 
from different points gave rise to corresponding bright spots ; this 
continued until, a whole series of bright spots corresponding to the 
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outline of all reflecting surfaces in the neighbourhood had appeared 
on the screen thus giving a complete “plan picture”. 

Centimetric Radar . Ail the systems described above suffered 
in a greater or less degree from a major defect due to the width of 
the radio beam, which caused on the screen not a real spot corres¬ 
ponding to any particular echo, but an extended patch, which ren¬ 
dered difficult accurate location of isolated targets, adequate 
separation of closely adjacent targets and elimination of background 
smudging of spurious echoes. Hence there was a long-felt need for 
a system in which a really fine pencil of radiation scanned system¬ 
atically, point by point, the area under investigation, so that only 
the objects in a very small section sent back echoes at any one 
instant. Repeating this process sufficiently rapidly, a sharp and 
detailed picture could be obtained on the cathode ray tube screen 
showing with a clarity of display the plan position of the reflecting 
object. To produce such a fine pencil, aerials and reflector systems 
having an aperture of many wavelengths would have to be used, 
which meant large dimensions and heavy loads to be carried by 
aircraft or ships, unless the wavelength of the radio pulses used ivas 
brought down to less than ten centimetres , in which case aerials and 
reflectors could be correspondingly reduced in si/e and weight to 
practical limits. The use of centimetric wavelengths demanded, in 
its turn, high pulse power and high receiver sensitivity. The pro¬ 
blem was successfully solved in 1939 by a team of English scientists 
under tho leadership of Prof. Oliphant. Dr. J.T. Randall produced the 
new radar magnetrom valve which generated power far in excess of any¬ 
thing attained till then in centimetric wavelengths, by applying the 
resonant cavity technique to the relatively ineffective magnetron. 

A magnetron is a diode consisting of a vertical cathode fila¬ 
ment surrounded by a concentric cylindrical anode, to which is ap¬ 
plied a homogeneous magnetic field in a direction parallel to the cylin¬ 
der axis, henco perpendicular to the electric field existing between the 
cathode and the anode. The old type was first devised by A.W. 
Hull in 1921, but was improved to the split anode form by Okabe in 
1924. Under the combined influence of the electric and magnetic 
fields, the electrons travelled in circular paths between the anode 
and the cathode with great rapidity and thereby produced high fre¬ 
quency oscillations of the order of 3,000 Mc/sec. (10 cms.). In the 
actual design the anode was divided into two halves which were con¬ 
nected in push-pull fashion. The external circuit was in the form of 
a LC resonant line, the length of which was adjusted to half a wave¬ 
length, When a P.D. was applied to the split anodes, the valve 
behaved as though it had a negative resistance and high energy 
oscillations, called dynatron oscillations, were produced. But the 
output power of the valve was still rather low. 
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Resonance cavity magnetron. Randall in 1940 was able to 

increase the power factor to a very great extent by adding to the 



tig. 73. Three types of the cavity magnetron. 


spilt anode magnetron a resonant cavity which may be defined as a 
chamber enclosed by highly conducting metal walls and fitted with 
suitable devices for admitting and removing electromagnetic energj r . 
The anode is replaced by a thick-walled copper cylinder with radial 
slots. The slots, together with the annular space between the anode 
and the cathode form “hole and slot’* cavities. Each cavity forms 
a resonant circuit, the hole acting as the impedance L and the slot 
as the capacity C. Under the influence of the D.C. anode voltage 
and the magnetic field, the electrons acquire a circumferential com¬ 
ponent of velocity. Prof, Hartee has shown that the electrons are 
grouped in bunches, in the form of the spokes of a wheel, which 
sweep past the resonator gaps. The phase relations must be such 
that the electrons arrive at successive gaps at instances when the 
circumferential component of the electric field strength of the reson¬ 
ator vibration is opposed to the direction of electron motion, so that 
the energy is transferred to the resonator. Three typical forms of 
the cavity magnetron are shown in Fig. 73. They are known as the 
slot-and-hole type (a), the radial vane type (6) and the rising sun type 
(c). The output system for removing energy, which consists essen¬ 
tially of a concentric line with an inner wire forming a loop inside 
one of the cavities is shown in (a). The rising sun type has been 
constructed for very efficient and stable operation, following the find¬ 
ing that the most efficient operation of a magnetron takes place in a 
mode with a phase difference of 180 electrical degrees between succes¬ 
sive slots, known as the ?t mode. The working mode of the magnet¬ 
ron depends also upon the load condition. 

The transmission of the microwaves produced by the magne- . 
tron is achieved by the use of wave guides , which are rectangular or 
circular tubes. The energy is fed into the guide by means of a 
coaxial cable. For reception, a similar wave guide with a coaxial 
cable is used. Gratings are arranged to lie along the electric field 
for selecting particular types of waves. In recent years, resonant 
cavities have been used at either end to accentuate the effect at any 
particular point. 
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The magnetron shown in the adjacent figure is a Mag. 2, Os ram 
produced by the General Electric Co. Ltd., England. It is 
designed for pulse operation giving a maximum output of 45 KW at 
a wave leu gl h of 3 cms,, or frequency 9,500 Mc/sec. The anode is of a 
fourteen segment “slot and hole” type. In other designs the power 
output is made much higher (500 KW ) with an efficiency of 50% and 
more, working at about 30 KV. D.O. voltage and magnetic field’ of 
2,000 to 3,000 gauss. 



The introduction of high power cent i- 
metric waves enabled a very small aerial to be 
employed and this was mounted at the focus 
of a small parabolic reflector which projected 
a narrow beam forward. The reflector was 
rotated in circles of first increasing and 
then decreasing radius, so that the beam 
traced and then retraced a spiral in the 

system in conjunction with 
a radial time base and PPI display, ir 
w ich lakes and waterways appear black 
against a faint land background, while cities 
show up bright against the background 
Drought in the greatest revolution in the 
technique of radio-location. The centimetric 
waves were soon incorporated into the radaj 
sets of night fighters and U-boat chase ; suck 
se s were called by different names as H2S 
the ‘Gen Box” or “Mickey” and the “Magic 
middle of 1943 there were nearly hundred sue] 


Tlx “Gee- designed by th. 
principle though Hifr« r ;„ ^ le ^ mericans work on the same 

equipment, range covered “to"^ TP 8 SUch , as waveIen 8 th 

System which dors no * , etc * , rhe y belong to the ground radar 
or more ground station* ° on ty pulses sent out from three 

determlne il nosS^!; Pllot m an aircraft readily 

set which measur th an ^i m . 01De nt with his Gee or Loran receiver 

emitted simultaneouslv fL™ ?i! ,V ° tlmes °* arrival of radio-pulses 
is the difference in v. T t ^ lree ground stations as follows :—If t 

Pilot from two of the three*** recepti ° n of lhe pulses by the 

the three stations, say A and B, then it can be 
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shown that the position of the aircraft or ship is on a hyperbola 
with A and B as foci and ct as the difference in focal distances, c 
being the velocity of light. Similarly if V is the time difference in 
the arrival of pulses from stations A and C, the position is on another 
hyperbola with A and C as foci and ct' the difference in focal dis¬ 
tance. Ihe point of intersection of the two hyperbolas gives the 
position of the pilot. In this manner a great part of the world map 
can be covered with navigational grids to be used as safe guides for 
aircraft and ships alike. The (lee sy r stem works with a frequency 
band 20 80 Mc/sec., while the Loran in the region of 2 Mc/sec. The 

equipment of Loran is somewhat more complex than that of Gee, 
but the range covered by the former is about 1,300 miles while that 
by the latter is about 300 miles. Loran is therefore likely to play 
an important part in longe range navigation. Both were used by the 
Allies during the war in the bomber offensive on Germany and in the 
assault on Normandy during the D-days. 

The “Oboe system may be considered as a blind bombing 
device which reached the summit of accuracy in long-range radar, 
capable of “pin-pointing” targets. It has therefore superseded the 
“Gee which gives accuracies of few square miles at distances of 
about 300 miles from the ground stations. The Oboe works on the 
following simple principle. Two ground radar stations send out 
pulses which are picked up by the flying aircraft and are returned to 
the transmitting stations. The total time of travel is measured 
accurately by the ground stations. One of these keeps the aircraft 
flying on a sector of a circle passing accurately through the prescrib¬ 
ed bomb-release point while the other warns the pilot that he is 
approaching closer and closer the target by a time code such as 
2 minutes and 30 secs, and on arriving at the exact spot can, 
if need be, release the bombs automatically from the aircraft whoso 
position is known far more accurately at the station than to the 
occupants of the plane. It is estimated that the Oboe works with an 
accuracy of one in ten thousand or so at some two hundred miles. 
No wonder then, that the battle of Ruhr in the final phase of the last 
war was won by this most accurate of radar devices. 

Uses and potentialities of radar* Radar, having been first 
developed during war-time, was naturally applied to the unpleasant 
task of destroying the enemy force ; but even in war it was not 
entirely an instrument of destruction. In its defensive aspects chiefly, 
it has clearly indicated the many uses it can be put to in peace-time, 
which we shall briefly state here. 

(a) Air and sea navigation is made entirely safe and fool-proof. 
With radar installations high flying planes and ships at sea, under 
all weather conditions, can get detailed reports of mountains, ice¬ 
bergs, rivers, lakes, shorelines, etc. which they can avoid. A captain 
dan bring his ship safely into narrow harbours detecting land-marks, 
buoys, lighthouses and rocks and avoid collisions with other ships. 
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With further development the radar may become an equally effective 
means of land traffic control as an attachment to trains and cars. 

(b) . Radar beacons are used for the '‘blind” but safe landing of 
aircraft, and are known by different names such as “Babs’\ 

'Rebecca-Ureka”, etc. On approaching the air-field the pilot is guided 

j v, i * set known as the localiser, so that he flies along 

the line of the runway and lands safely, whatever be the visibility. 

( c ) Radar has great uses in meteorology. Raindrops may reflect 
sui a le radar signals and thus enable meteorologists to measure the 

istance of clouds with great accuracy for forecasting. 

(d) Similar pulses may be used for "prospecting”, i e dis¬ 
covering the position of buried metal, oil and ores. 


(c) Microwave radiometers have been employed in the measure¬ 
ment of very low temperatures, the study of radiations from the 
sun and moon, the observation of cosmic noises, the measurement of 
the height of the ionosphere and the velocity of light, etc. 

Radar is indeed, one of the most delicate and reliable electro- 

' ‘ evices, which promises much to progress in physical science and 
world, prosperity. 


reflex klystron and microwave spectroscopy 

I , Careful and concentrated researches on centimetric radar have 
Z „;° a , n - e u and lrn P orta nt technique, known as microwave spectra - 

varion, Pr ° vmg ’ recont y ears * a « reat asset in the study of 

astronomy b i ems 11 physlcs ’ chemistry, electronics and even 
ein lori“ y that A well - d esigned microwave spectroscope is capable of 

ween ° f l" ' 0 e 1 lofctroma g n eti c spectrum, which lies bet- 

This microwav^reaion til? of Ut “ on ™ nfcl(ma J: radio-frequency region. 

from i/ * -/ m ' . °r late not easy of access, extends roughly 

freauenov ‘a^?u 5 ° C / ns ’ - ln wavcle ngth or 60,000 Me. to 600 Me. in 

extension of ^!£, 0Ug l . m f r0WaVC s P ectrosco Py may be treated as an 
sconv vet th th radl °-frequency spectroscopy or infra-red spectro- 

indeDendent h i e i re a 7 g0 ° d r u aS ° nS t0 considor as a distinct and 
fronfthe f' ° f rosearch ; slnoe the technique used differs both 

optical in 3 trlmln e + qUenC r- Va u e g0ncrator circuits, and the classical 

shall give here n. 3 1° tb<3 Study f°^ tlle infra rod region. We 
wave snectrom * brief description of the essential parts of a micro- 

re«Sr c rrwhich r it a h d T a « eneral tho of 

points of interest and empi o> -e(1 80 far, reserving particular 
chapters that follow P tant results to appropriate places in the 

Although a n miTn> COmP ° nentS ° P a m * crowav e spectrometer. 

tion as an ontieal V6 spec * >rorne tor performs the same general fune- 
length! yJi Z TL . s P ec tr° me ter, viz., the measurement of wave* 
chief component of a und ? men tal difference between the two. Tho 
such as a nrism Z ° pt '? a s l )e ctrometer is the dispersing medium, 

quired in tho mior gratlng ’ " lld c no such dispersive agent is re- 
12 n th ° micr o"ave spectrometer, since the source used » 
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essentially monochromatic and its frequency can be varied at will 
and measured electronically with great precision. 

A microwave spectrometer consists of the following essential 
components :— 


Reflex klystron as the source of radiation . It is shown 
diagrammaticallv in Fig. 74. A cathode* C emits electrons which 



are formed into a concentrated 
beam by a focusing system F, This 
electron beam crosses the gap of a 
re-entrant resonant cavity which is 
at a high D.C. potential of the 
order of 2,000 to 3,000 volts with 
respect to the cathode. When 
the electrons leave the gap they 
are decelerated by a reflector M, 
which is negative with reference to 
the cathode and so shaped that it 
acts as an electron mirror. Usually 
the cavity is at ground potential, 
while the cathode at a high 
negative voltage. 


The principle of operation of 
Fig. 74. Heflox klystron. the reflex klystron is what is 

known as velocity modulation of a n 
electron beam by a resonant cavity. The oscillatory electromagnetic 
field existing in the resonator will accelerate the electrons through 
the gap in one phase and decelerate them in the other. This causes 
the uniform stream of electrons to be broken up into regions of large 
and small density, technically known as “bunching”. The * ‘bunch¬ 
ed” electron beam is reversed by the reflector and sent back to the 
resonator gap. If this happens at favourable times, the electron 
beam gives up energy to the oscillating field in the resonator, which, 
in consequence, will be maintained and even grow. By a suitable 
design of the reflector and control of its voltage, the correct timing 
condition can be achieved. The oscillatory power thus generated in 
the resonant cavity is drawn out by means of a loop and coaxial 
cable. The frequency generated can be varied over a range of about 
15% by a mechanical distortion of the cavity with the help of tuning 
screws, while final delicate adjustments within a range of about 
0*1% are obtained electrically by manipulating tbe voltage on the 
reflector. Thus the klystron is, for all practical purposes, a mono¬ 
chromatic source. Various types.of reflex klystrons, differing in 
constructional details, operating voltages, frequency ranges, etc., 
arc now manufactured. The usual reflex klystrons generate rather 
low power, only a few milliwatts, as compared with the magnetrons 
yielding several megawatts of power ; yet the former are found to 

be more satisfactory radiation sources for spectroscopy than the 
latter. 
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Wavemeter. /In principle any cavity, having high selectivity 
(Q), which oscillates in a known mode, can be used as a wavemeter. 
Actually frequency measurements accurate to a few megac 3 r cles are 
made with coaxial or hollow cylindrical cavity waveineters. The 
coaxial type is used for wavelengths of 3 cms. or longer, while the 
cylindrical type for shorter wavelengths. In the coaxial wavemeter 
the outer tube has a critical wavelength below the range for which 
the instrument is intended so that the waves are not propagated 
beyond the end of the tuning inner rod which is moved by means 
of a rack-and-pinion drive. Series of resonances are obtained at 
positions ol the inner rod separated by half a wavelength. 

If a higher Q than is given by a coaxial cavity is needed for 

very precise measurements (better than one per cent) a cylindrical 

cavity wavemeter is to be used. But this needs to be calibrated, 

v lich can be done by standard cylindrical cavities of known length 
and diameter. ° 

Absorption cell that directs the radiation through the absorb- 
mg substance under investigation. It is a rectangular hollow 
tube closed at both ends by thin mica windows. Tlte dimensions 
° the tube are carefully chosen, depending on the wavelength of the 
radiation to be transmitted, so that only the lowest or dominant 
raode is propagated and sharp reflections are avoided. Round 
.0 68 m .ade in the tube for evacuation purposes and for introduc- 
mn ol the gas under test. The pressure of the gas is adjusted to 
ma e the absorption line sharp. There exist also other types, such 
as circular, coiled, etc., wave guides. 

tor P ete . ctor - A silicon crystal is the most commonly used dotec- 

Jr: “ 18 usually mounted in a special cartridge, consisting of a 

standard* W j 1S i er point contact with the crystal, in a manner 

sav in 186 o ^ manufacturer to operate at different regions, 
a : mS - ? CnlS * , etc * A thermal detector , such as a bolometer (t.e., 
(i p n resistance increases when heated) or a thermistor 

coeffipL+c °. f semi - co “ d ucting material with a large negative 
low fronn ° resis ance )» which can be used with advantage in the 

wave spectro^op^ n0t been «mp |o ycd very much in micro- 

and analyser consisting of an amplifier of detected energy 

cribed in VV ^ 1C ^ may be either a cathode ray oscillograph des 

or a narrow K er f ecl ' on or a pen-and-ink recorder. A simple video 

tlie low fron an a Vf K) ain phfior with a relatively sharp cut-off on 

The detected tn Cy connected directly to the crystal detector. 

of the osoillr n ° r ^ y 1 nJf am P^fi ed is applied to the vertical plates 

tooth voitat/e^n^ \u klystron source is modulated by a saw- 

chronised wftl e re floctor plate, of sufficient power and sy r n* 

to the horizontal e 1 °® ci ^°S ra pk ; this modulated frequency is applied 

ed on the Plat , 0s * t Under these conditions, the pattern obtain- 

frequenew 0 r ran n oscillo g ra P b enables one to determine the 

3 range of frequencies of the detected microwave radia- 
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tion, since the amplitude of pulses seen on the screen fits the enve¬ 
lope of the frequency distribution of the source. During the search 
for spectral lines y the klystron frequency is varied manually. The 
saw-tooth wave used to sweep the frequency of the klystron should 
be adjustable both in recurrence rate and in slope. The rate of 
sweeping of the klystron must be much slower than the repetition 
rate of the pulsed oscillograph ; in practice, it is adjusted for opti¬ 
mum results by observation of the pattern. 

A diagrammatic sketch of one of the simplest types of micro- 
wave spectrometers, containing the parts described above is shown 



Fig* 75* Microwave spectrometer. 

in Fig. 75. An actual spectrograph has also several other auxiliary 
components, the most important of which are : — 

. Attenuators which are devices for making known reductions 

“ power. The most commonly used attenuator js a suitably 
shaped sheet of resistive material (carbon-coated card), provided 
with a calibrated dial, which can be gradually inserted in a slot of 
the wave-guide cell by a rack-and-pinion movement. With such an 
arrangement it is possible to make quite accurate measurements of 
low level power. In order to eliminate reflections and guarantee 

absorption in a wave-guide cell, attenuators made with semi- conduct¬ 
ing strips are employed. 

(6) Directional couplers . In microwave work, it is necessary to 
couple out a fraction of the power from the main transmission line for 
such purposes as measuring frequency, monitoring power, etc. A 
irectional coupler is a device which abstracts a definite small frac¬ 
tion of the power flowing in one direction in a line, but does not 
respond appreciably to power flowing in the other direction. Several 
such directional couplers are in use : (*) The “ Bet he-hole 9 9 type con¬ 
sists of a second auxiliary wave-guide placed across the main trans- 




MICROWAVE SPECTROSCOPY 



182 


THE BEGINNINGS OF ATOMIC PHYSICS 


The f^ S *° k een successfully used by a number of workers. 

unL thTLtf JStS 111 suporim P^"g the voltage from a r-/generator 
its mode r r , i 1 ^ ^ varying saw-tooth wave sweeping the klystron over 
no :« Y* , 1S ma es jt possible to avoid the excessive low-frequency 

The ah°°r Ur when P^r of the order of milliwatts is used. 
moHiihtinn *°!? ine aC ^ s a 1 s a discriminator to convert the frequency 
that *i n n n V° an ani P^tude modulation (a-m) at the detector, so 
the adiiVo^T ra( 10 receiver can be used. The chief drawback is that 
m _ J traent of modulation is critical and considerable distortion 

rauSu borne in mind that the choice and arrangement of 
t . i . p°nen s epend upon the nature of the problem to be investi- 
* ence f ere 1S 210 single fixed form of microwave spectro- 
f f * rQ ^ n ?u 1 ^P es being in current use. It is also of inter- 

and w n i ?r ^ ? first microwave spectroscope devised by Cleeton 

i 1 iams ( .34) was a hybrid instrument combining optical and 

n JJT C n lnet ^?^ s * ^he «°urce was a spilt-anode magnetron ; an 
p?l l C ° system of parabolic mirrors was used with an 

.ij e ^ n , f ra ^ or measuring the wavelength ; the radiation was 
_ ? c , e ^ an iron pyrite phosphor-bronze crystal which was con* 
nectea cnreetly to a sensitive galvanometer, without any electronic 
amplification ; the absorption cell was simply a rubber cloth bag. 

us we rea lse how much the technique of microwave spectroscope 
has advanced within a short time. 


otentialities and uses of tlie microwave spectrometer. 

tcrowave spectrometer ts best adapted for the study of pure rotational 
spec )a of molecules in the far infra-red region. Although the pure 
rotational lines of certain light molecules, such as HC1, NH 3 have 
een measured by the optical methods, the greater number of such 
ines or many types of molecules are conveniently and accurately 
measured only by the microwave method—the accuracy reaching to 
seven ecimal places. A salient feature of the microwave spectro¬ 
scope is the exceptionally high resolution obtainable, 10,000 times 
more than that of the infra-red spectroscope. 

Practically all the microwave spectra so far observed are absorptio?i 
spectra. The single exception is the recent observation by Ewen and 
Furcell (1951) of an emission line in atomic hydrogen from interstel¬ 
lar galactic radiation. Since the probability of spontaneous emission 
vanes inversely as the cube of the emitted frequency, emission lines 
are very much weaker at microwave than at optical frequencies. 

Hence a microwave emission line cannot be easily observed from a 
terrestrial source. 


Absorption lines also are much weaker at microwave than at 
optical frequencies, but not to the same extent as emission lines. 
Theoretical considerations show that the probability of microwave 
absorption is only about one per cent that of the optical absorption. 
But the high sensitivity of microwave spectrometers, due chiefly 
to the intense and nearly monochromatic microwave sources now 
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r h :il abl l’ P os sible for microwave absorption 

observed with relative ease. 1 


spectra to be 


spectrom^r ll are J e . in g made to ex tend the range of the microwave 
rZTTj 7 ° nd half a cent * me tro to the .so-called millimetre-wave 
multinlipra U f ln ^ crystal detectors and power from crystal 

£*£?*»"■ ^ klystrons > was the first, in 1946, to measure 

t becomes incrl? ab f r 5 t r ^ Belcw that value of wavelength, 
size to whichX g y dlfSc u ult t0 work with l bc very small physical 

DuS" r*-- Al i, '*? “ is - 

absorption in. uf “if nCa ’ 1 , k Unlver sity, the 2 o mm. oxygen 

and sensitiiitv no been J? cently measured with an ease, resolution 
At Columbia rt ■ m P ara bl e to that of the centimetre-wave region 

harnoS newer* millimc ‘ tre wave technique which employs 

detecting P at wa^SgffofT 3 , of bivstrons) capable of 

magnetrons rln V J el engths of 1 mm. is under development. But 

since they cannot Promising for high resolution spectroscopy 

output Therpoi- k a l Uy t ? ned and donot have pure spectral 

theuse of a LaHnl d h * gh re3olution may probably be obtained by 

grating m conjunction with a magnetron source. 

put, boa. 7n S l°,” hiC \ the ™ ic :°' vave s V^lrometer has been already 
follows p nd a PP lled sciences, may be briefly stated as 

cules hasted tothe^pp Sfc “ dy of mmrowave rotational spectra of mole- 
properUesVs mow f evaluauon of such important molecular 

Two interesting iSl V 'fuadrupole moments, isotopic effects, etc. 

ft re (o) the inversion 8 °# 6 ® ases so f ar analysed for structure 

have a pyramid stmpti r .'^fl ,l c>f ammonia (NH-.) whose molecules 

at the base coropro ^ 16 7^ j the N at tlie a P ex an d the three H’s 

but completely confirmed^vith by mfra " red s P e ctroscopists, 

Cleeton .nd ^7 SSS’ ^ 

bad esrap^d ^oth^ontwT^ ^° 3 ! Wh0S ° correct triangular structure 

technique^ th ptlcal 8 Pectroscopy and electron diffraction 

if ^ c ‘>■ ohi '% *• former, here ae. 
Zeeman eplitting of “"rovrave epeotroecopy, since Stark and 

the rotational lines 
have been observed 
0l dy in the micro¬ 
wave region. The 

btark effect in rota¬ 
tional spectra was 

fi^t demonstrated 

J? 1W6 by Dakin, 

Oood anc j Coles, 




I ig. 77. Stark splitting of a rotational line 
of OCS (Dakin, Good and Coles). 
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who applying an electric field to the molecules saw a single rotational 
line of carbonjd sulfide (OCS) suddenly divide and become two on 

the screen of the oscillo¬ 
graph, as shown in Fig. 77. 
The Stark splitting of 
rotational lines gives precise 
information as regards 
identification of the lines, 
intermolecular interactions 
and electric dipole mo¬ 
ments of molecules. As 
already noted, the Stark 
effect has also become a 
powerful adjunct to micro- 
wave spectroscopy in the 
device of the Stark modul¬ 
ator. The Zeeman splitting 
of microwave spectral lines was first observed by C.K. Jen (1948) 

employing a, compact resonance cavity cell subjected to a strong, 
uniform magnetic field and a source-frequency modulation to aid 
direction. Cathode ray tracing of a NH 3 absorption lino (a) without 
and (6) with the magnetic field obtained by Jen is shown in Fig. 78. 
The Zeeman splitting of the microwave lines has been used to 
measure nuclear magnetic moments. 

In addition to the pure rotational spectra, there is another 
class known as the 'paramagnetic resonance absorption spectra , observ¬ 
ed in the microwave region. These resonances were discovered in 
1946 by a Russian scientist, Zaviosky. Many solids and a few 
gases are paramagnetic, t.e., they contain ions or molecules which 
have uncancelled electronic spin or orbital magnetic moments. Others 
can be made so by bombardment with X-rays and neutrons. Para¬ 
magnetic substances absorb microwave radiation, if they are subject¬ 
ed to a magnetic field of proper magnitude, which is of the order of a 
few thousand gauss. From such paramagnetic measurements impor¬ 
tant information can be obtained about crystal structure and in some 
p ases about chemical bonds and the nature of the electronic state of 
ions in crystals. In several instances, nuclear hyperfine structure has 
been observed in paramagnetic resonance absorption and unknown 
nuclear spins and magnetic moments have been determined there¬ 
from* It may bo noted that resonance microwave absorption in 
ferromagnetic and antiferromagnetic substances have also been 
studied along lines analogous to that of the paramagnetic effect. 

Many liquids and solutions give rise to broad absorption peaks 
in the microwave region. These are associated with anomalous dis¬ 
persion caused by orientation of molecular dipoles. in the radiation 
field. From such absorption bands, precious information about 
intermolecular interaction in liquids and solutions can be obtained 
and quantities such as relaxation time, dipole moment and dielectric 



Fig. 78. Zeeman splitting of NH 3 
absorption line : (a) without field. 

(6) with field. 
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constants of complex inorganic and organic compounds can be 
estimated. 

(u) Applied science. Many industrial applications of micro- 
wave spectroscopy are already apparent. The most important of 
these is bound to be the analysis of chemical compounds , which has 
been carried out till now with infra-red spectroscopy. But micro- 
wave spectroscopy, on account of much greater resolution, will 
naturally supplant the older method, wherever possible. Another 
application is the isotopic analysis of compounds in which rare iso¬ 
topes have been artificially concentrated. Microwave spectral lines 
also offer a new and very accurate standard for the regulation and con¬ 
trol of electronic instruments. such as the atomic clock,high frequency 
oscillators, wavemeters, etc. Many more interesting applications will 
be developed as the study of the technique progresses. 


MASER 


Maser, which is the abbreviation for “microwave amplification 
I • . emission of radiation”, is an ultramodern electronic 

©vice, introduced roundabout 1954 by a team of American re¬ 
search workers. In essentials, it consists of a specially designed 
gasj- lied tube, the gas chosen being one that is made up of 
ign energy atoms, i.e atoms having high energy levels such as, for 
ins ance, ammonia gas. When microwave signals are fired into 
sue a gas, the high energy atoms are further stimulated and are 
a e to give off their high energy content in the form of very 
ntense radiomicrowaves or light. Unlike the vacuum tube which 
^ iip j n s i(: current, the maser amplifies electromagnetic 

?’ ne 'Y device is able to produce microwave signals that 

rad'a s ar P* * n well-defined constant frequency, unlike other 
thr/mo' eai ? S bmmee over many frequencies. Furthermore, 

i* r e 3 am found to be extremoly intense, so powerful that it 
aeonnrl a /. pieco carb on into smoke in a millionth of a 

in diametei- Can ^ ocuse< ^ through a hole 30 millionths of an inch 

that potentialities of maser. The maser is so new 

laboratory stafe 8 j£ op ° se(1 uses have not gone further than the 

y stage. A\ e shall briefly indicate some of its potentialities. 

easier^ ^ and surgery. Intricate operations will be made 

been noss.hletf P<Werful but minute maser beam, it has already 

a ver^ small Cy / tumours in rabbits. As the beam hits 

is little risk of - arCa (° r 0nly onc thousandth of a second, there 

nine risk of damaging adjacent normal tissues. 

not more tha^inn ■*" transoceanic communication, 

al radio beamn 8 are bo-ndled at present, since the convention- 

^qucncy““L C r Tr“ a ” y f ^«encies. With the constant single 
4 J maser beam 14 becomes possible to deal with thousands 


186 


THE BEGINNINGS OF ATOMIC PHYSICS 


of calls simultaneously over the same line. Further, since the maser 

earns are not as readily absorbed by water as radio waves, under- 

a er communication between submarines and exploration craft 
becomes possible. 


(c) In space exploration . The maser is bound to improve 
ra ar per ormance. Signals given off by man-made satellites orbit- 

!«? %!? rUl Can be more Slirel y picked up. The first reliable 
o be produced from maser evidence. Radar 

beams amplified by masers and bounced off the moon will be picked 

J lp and furth _ er amplified by equipment on the earth. It has even 
een suggeste tJiat future space satellites that go off course can 
be redirected by maser control. 


2. CATHODE RAY OSCILLOGRAPH 

i ^“k^iple. The properties of the cathode ra 3 r s of being deflec¬ 
ted by an electric or magnetic field and of producing scintillations 
on a uoresccnt screen are utilised in the construction and action of 
le ca^ ode ray oscillograph. An oscillograph is a contrivance devis¬ 
ee o race the graph of oscillations. The first oscillograph took the 
orm of an electromagnetic vibrator, consisting of a moving coil 
wi 1 a sma mirror attached. A spot of light focused on the mirror 
was deflected on to a scale and as the vibrator oscillated under the 

influence of the varying current flowing through it, the spot moved 

over the scale in a corresponding oscillatory manner. But, owing to 

the appreciable inertia of the moving part, this kind of arrangement 
evu ent y could only follow very slow changes of current. Hence 
a empts were made to replace the mechanical contrivance by some- 

, rtrt « « ^ l ^ ^ l ^ ray tube solved the problem 

most efficiently. The spot of light produced by the cathode rays on 

a fluorescent screen can bo made to follow faithfully and instan- 
taneously even extremely rapid changes of current or voltage in a 
circuit on account of the negligibly small inertia of the electronic 
beam. Furthermore, the cathode ray tube f owing to the facilities 
it provides for moving the spot in two mutually perpendicular 
directions at once, can be used not only to examine waveforms of 
oscillations but also to study a number of other important pheno¬ 
mena. chiefly in radio-technic and television. 

Description* The first simple form of the cathode ray oscillo¬ 
graph was devised by Braun in 1897, and was called the Braun tube 
for some time. It was essentially an * ordinary discharge tube (of the 
type used by J.J. Thomson for the measurement of ejm) in which 
the cathode rays after being reduced to a fine thin beam by a narrow 
slit in the anode traversed the tube in a straight line and struck a 
fluorescent screen at the farther end of the tube, producing a 
bright luminous patcli at the point of impact. An electric field 




a direction 

i high P.D. 


lL required very high voltage for 4 } xK/yy 

operation which depended on the emis- q p Braun 

sion of electrons from a cold cathode. 

Subsequent important improve* 
z ments made on the Braun tube 

]' \ evolved the modern relatively 

ir— _ / p low voltage but more efficient 

" " " 1 _ f J cathode ray oscillograph, 

* J In modern type, rep- 

* resented in Fig. 79, the cathode 

) rays are obtained from heating 

F . a tungsten filament F coated 

, . . lg * * Athore ra y tube. with an oxide of alkaline earth, 

nc 1 produces a good supply of thermionic electrons. The filament 
serves also as the cathode. The electrons are accelerated by means 
a igh P.D. of about 500 to 2,000 volts maintained between the 
in an( * ^ ie anoc ^ e A which is in the form of a disc with a hole 

n , e cei ^' re * The electrons emerging from this central hole in the 
ftfttK 6 i° r <an . 0( ^ e S UIi ”> as it is called, form a narrow pencil of 

scent* ^ ra y s which travels in a straight line and strikes the fluore- 
to thft 8Creen P r °ducing a bright spot of light. The ray on its way 

deflected vertically or horizontally by means of 
mutual] a 10 Ids between two pairs of plates P, and P 2 disposed in 

coils out y sidr P th n e di ^b a e r P The eS fi ° ldS produCe ‘L' by 

arrnmam , i ° tu oe. ihe cathode ray tube is a very sensitive 

t ranc ,:f„_ ei V y m oans of which it is possible to detect and record a 

the twwciV?, en P m pnon even of the shortest duration; the basis of 

eleofrnn a 1 \T 18 .^ le that the extremely minute mass of the 

in thn ttV * na e » 8 ^ acquire a relatively large velocity component 

lit 1 <1 1 -!| X iC + me ^ 8 ^? r ^ interval of time during which a disturbing 

faithful]v a° , UP0I 1 l ^* e i ectr °n stream therefore follows quite 

fields nf W1 ^ 0u ^ inertia the variation of electric and magnetic 

a or low rapid those variations ruiuht be. The cathode 
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ray oscillograph responds to periodic disturbances of frequency of 

the order of 200 millions/sec. 4 y 

Operation of the cathode ray tube. The following impor¬ 
tant technical details are carefully secured in the actual operation of 

the instrument. 


Focusing. This refers to the device of concentrating a great 
" “ ber ? f electrons in the thin pencil that strikes the screen. Such 
*,i“eentrat 101 ! is of great importance for obtaining a bright and 
r, . e J*® spot on the screen. A certain amount of focusing is 

T use °f a Wehnelt cylinder C, also called the shield, 
i ■ i 18 simply a metal cylinder surrounding the filament and main- 

_ i 4 - 1 ? ? ne & a ^ ve potential. The effect of this arrangement is to 

jn nri +u ^ v. ec ^ roils w hich leave the cathode in a diverging direction 
f i , ev . e y concentrate the stream along the central axial line, so 
_ i “S 8 ? b ? am of electrons is shot out of the anode gun. But 
+ i e S 10 b y itself does not produce a really sharp spot of light 

A^ e mutual repulsion of the individual electrons in the 
■ A eavin £ ^ causing the beam to diverge, some additional focus- 
il ? ev . lce mus J > be used. There are two principal methods of doing 
f i .* Q as 'f°cu$inj and electrostatic focusing , according to which 
ins rument is classified as gas-focus or soft tube and electrostatic * 

thT? °l Aar£/ tube In th ? g as - focus system, after highly exhausting 
u e o remove the air and occluded gas, a small amount of an 

inert gas, such as argon or helium, is introduced. This residual gas is 
usua y ionised by collision with the electrons ; the resulting negative 
^/f C ‘f^° nS * a< ^ themselves to the stream while the heavy, slow-moving 
p si lye ions form a core for the beam. This positive core continu¬ 
ally attracting the electrons in order to regain the electrons lost by it, 
produces an automatic concentration effect, the electrons clustering 
roun it in a very compact pencil. The gas-focus tube has several 

T su °h satisfactory operation at low voltage of about 300 

„ volts, high sensitivity , in the sense that the beam can be 
e icase even with a relatively weak deflecting agenev and 
e yed and brilliant spot of about *5 to 1 mm. diameter. But it 
su erg also from the following defects :— dependence of focus on the 
+>! of the beam, i.e on the number of electrons in the beam—if 

e earn current is altered by changing the shield potential, thie 
tocus is lost, which makes this type quite impracticable for televi- 
S10n * failure of focus at high deflecting speeds —the positive ionic core 
remains within the beam only when the beam moves relatively slowly 

T a 11 80 that with a high frequency voltage across the 

deflector plates the spot will be no longer sharp ; limited life , due to 
the bombardment of the cathode by the heavy positive ions, which 
results in appreciable damage to’ the sensitive electron emitting sur¬ 
face of the cathode and thus limits the life of the tube to a few 
hundreds of hours. 

In the alternative electrostatic focusing system (Fig. 80) instead 
o a simple ^disc for the anode, a series of anodes, at increasing 
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potentials is used, the potential of each being so adjusted that the 
resultant electrostatic field causes the electrons to converge. The 
effect of these anodes, 
which are usually two or 

1 hree, is anlogous to the a> 2 

focusing of light rays by — 

lenses and the arrange- 

ment is known as the —— - 

“electron lens” or tl elect- 


80 , Electrostatic focusing 


. . A *~. loclI smg is controlled by the relative voltages of the ar 

, ein g chiefly affected by that of the second A 2 , while the first 

ept at a fixed potential about one-fourth the value of the sc 

j th this kind of focusing the tube can be evacuated complete 

^ at no damage is done to the cathode by the bombardment of 
tive ions, which 

creased to 

of tube 


posi - 

means that the life of the tube is considerably in- 

f hours. Other advantages of this type 
quite high deflecting fields owing 
ions of the residual gas and ( ii ) possibility 
the brilliance of the spot independently of the focus, 
on the first anode alone affects the beam current 
— __ the spot, while the focus depends on the 
second anode. The chief disadvantage of this hard 
necessity of using a much higher anode voltage than 

-ias the focusing action cannot be obtained 

the anode voltage ordinarily ranges 
This high voltage brings with it reduction in 
-; accelerated by higher voltages move 

similar extent from 
the influence of the applied deflecting agency. It 
—i spot does not remain sharply focused over the 
But these defects have been eliminated to a ere at 


several thousands o 

are :—({) good focus up to 
to the absence of heavy 
of controlling i 
since the voltage i_~_ 

and hence the brilliance of 
voltage of tht 
tube lies in th 
in the gas-focus soft tube 
satisfactorily at low voltages ; 
from 700 to 2,000 volts. ' 
sensitivity , since the electrons 

aster and in consequence are deflected to a 
their path under ■_ 

is also found that the 
whole screen . 7 

foon^inJ 1 i° ir J oc ^ ern cathode ray tube which is of the electrostatic 
iocusmg or hard type. 

a mn.J« I 8 * that the electron beam 

a magnetic field p 

method is known c 

over the electrostat 

loss of focus at the 
and position of the focus 
On account of those 

vision, where a sharp iocus over the whole 

i /. Ttle . Reflecting system 
deflect the electron beam 

called in terms of the deflections 
the horizontal deflect; 

although they are actually disposed 
the second pair actually horizontal but 


may also be focused by 
produced by a coil fitted outside the tube. This 
as magnetic focusing , which lias some advantages 
ac focusing, such as, a very sharp focus and of no 
extremities of the screen, provided the intensity 
jing magnetic field are carefully adjusted, 
advantages, magnetic focusing is used in tele¬ 
screen is highly desirable. 

The two pairs of plates employed to 
horizontally and vertically are usually 
they produce. The pair producing 
ion of the spot is called the horizontal or X-plates 

in a vertical plane. Likewise, 
causing a vertical displace- 
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ment of the spot is called the vertical or Y -plates. It should be noted 
that the actual direction of movement of the spot depends on the 
position of the tube ; hence the tube is usually mounted in such a 
manner that it can be rotated slightly in order that the deflection 
may be properly aligned. The deflection caused by the two pairs 
will be accurately at right angles to each other, although not neces¬ 
sarily horizontal and vertical but they can be rendered to become so 
by a slight rotation of the tube. The position of the deflector plates 
affects the sensitivity of the tube. For, the closer the plates are dis¬ 
posed to the beam the greater will be the deflection of the beam. 
This is the reason why they are arranged inside the tube, even 
though it would be more convenient to have them outside. The 
plates should not be placed too close, however, for, then, the deflec- 

te 3eam ma\ strike the plate and never reach the screen to produce 
the luminous spot. 

Electromagnetic deflectors. The method just described is called 
tne electrostatic method of deflection of the spot. Another system is 
that in which the same effect is produced electromagnetically and 
t ns involves the use of coils outside the neck of the tube ; such an 
arrangement makes the internal structure of the tube simpler sine© 
no deflecting plates are to be fixed inside the tube. Two pairs of 
coils must be used to produce the horizontal and vertical deflections. 
It is important that the magnetic field is uniform, for the deflection 
produced is dependent upon the actual strength of the field. If, for 
a given current through the coil, the field produced is different at 
the two sides of the tube the sensitivities will differ. Hence it is 
essential that the coils are symmetrically disposed towards the tube. 

Dimensions of the tube . The cathode ray tube ordinarily con¬ 
sists of a long.glass tube conical in shape, the screen being at the 
wider end. The length of the tube as well as the diameter of the 
screen are carefully chosen as a compromise between different factors 
such as space, sensitivity and brilliance of the spot. With a given 
arrangement of the deflecting system the sensitivity can be increased 
by increasing the length of the tube, since the displacement of the 
spot on the screen depends also on the distance between the deflector 
and the screen. In practice, however, a compromise has to be made 
between sensitivity and space. The longer the tube the larger will 
e the diameter of the screen on account of the conical shape. But 
the wider the screen the higher must be the operating anode voltage 
to maintain the brilliance of the trace on the screen. For the trace 
being the result of an illusion of the eye due to visual persistence 
following the repeated rapid movement of a single spot of light, the 
longer the trace made by the spot the less will be the apparent bril¬ 
liance of the trace, unless the intrinsic brilliance of the trace is increas¬ 
ed. This can be^done by increasing the velocity and energy of the elect¬ 
rons in the beam, as the fluorescent screen merely converts the electron 
energy into light. Now to increase the energy of electrons the anode 
voltage which accelerates them must be increased. But as we have 
a rea y seen, this increase of operating voltage reduces the sensitivity. 
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Hence once again we have to compromise .between sensitivity 
and brilliance. It is to be noted that the brilliance of the spot 
depends also on the colour of the spot, as certain colours are more 
sensitive to the eye than others. Cathode ray tubes are ordinarily 
made in various sizes, from one inch to six inches screen diameter, 
the length of the tube being two or three times the screen diameter 
for oscillograph work, while for television purposes still larger screens 
and longer tubes arc used. A tube about 10 inches long with a 
screen of 3 to 4 inches diameter and operating at about 1,000 volts 
gives satisfactory results. Zinc silicate (willemite) is commonly used 
as the fluorescent material for coating the inside of the screen and 
gives a bright green spot easily visible since it corresponds roughly 
witli the maximum colour sensitivity of the human eye. 

Time-base. In many applications of the cathode ray oscillo¬ 
graph, the movement of the spot in one direction, usually the 
horizontal, is required to be proportional to time. The arrangement 
used to achieve this is called a linear time-base ; by employing this 
device, the base line of any pattern on the screen can be regarded as 
a time-axis and the pattern itself will be a faithful record of the 
variation of the quantity under study with time. 

The simplest time-base circuit , shown in Fig. 81, is made by 
placing a condenser C across the terminals of a neon lamp N, 

charging the condenser through 
+ - , i a resistance R from the D.C. 

mains and discharging it 
through the noon lamp. When 
the D.C. supply is switched on, 
the condenser charges up 
through the resistance until the 
voltage across it reaches the 
striking value of the neon 
lamp. This is usually of the 
mains voltage must he greater 


D.C. 



R 


C hioruvoivudl 

pHoM* 

- > 


Fig. SI. S 

iinplo tiine-liase circuit. 


order of 150 volts so that the D.C. 

than that value. When the neon lamp glows, it short-circuits the 
condenser which thus discharges through the lamp. The latter is 
then put out. The process is repeated, the neon lamp flashing at 
regular intervals, depending upon the product of the values of 
resistance and capacity. If they arc both large, the flashing rate 
will be low. It is customary to vary the resistance R and keep C 
constant. When used as a time-base it is the voltage across the 
condenser which is applied to the. horizontal X-plates of the cathode 
ray tube. As the condenser charges up, the spot on the screen 
moves slowly in the horizontal direction until the condenser gets 
charged and then due to the discharge through the neon lamp the 
spot is brought back instantaneously to the starting point. This 
s\u cp of the spot is repeated at the flashing rate of the neon lamp 
I he frequency of the time-base can be calculated as follows 
ssuimng that the charging is linear, if E is the voltage of the D.C 
mams supply, the charging current i = E/R. The charge on the 
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condenser Q it, where t is the time of charging. The voltage on 
the condenser, V, which is the same as the striking voltage for the 
neon lamp, is given by V = Q/C. t = Q {% = VCRyE and fre¬ 
quency/ ~ l/t = E/VCR. The frequency of the time-base device 
can be varied by varying the values of C and R within certain limits. 
In the study of oscillations, chiefly those met with in radio technique, 
whose frequency is very high, the time-base frequency must be 
synchronised with the frequency of oscillations under test by making 
the time of horizontal sweep of the spot an exact multiple of the 
period of oscillations under examination. When this is done the 
various traces coincide and we get the impression of a stationary 
wave on the screen, although actually it is the combined effect of a 
large number of waves superposed. 


Saturated diode and thyratron time-base . An ideal time-base 
arrangement would apply an e.m.f. to the horizontal plates, the value 
of which increases linearly with the time while the spot sweeps 
across the screen and then goes instantaneously back to zero, the 
voltage-time curve being “saw-toothed’ * as shown in Fig. 82, which is 
called the ideal linear time-base. But the time-base circuit described 
above, where the condenser charges through a plain resistance, 
does not satisfy the condition of strict linearity, since the charging 


_</C R, 

rate is not constant as seen from the relation q = qA 1 — e ) At 
first the rush of current in the condenser is fairly rapid, but after¬ 
wards the charging rate falls off. The charging is represented by a 

curve of the exponential form and 
not a straight line. Theoretically 
the condenser never becomes fully 
charged. After a time equal to 
1 /CR it acquires only <>5% of 
full voltage and at a time 3/CR 
95%. On account of this non- 
uniform rise in voltage of the con¬ 
denser the spot will not move 
steadily across the screen and 
hence cause the resultant pattern 
to bo spaced unevenly. One of 
the methods of correcting this 
non-linearity is to charge the 
condenser through some constant 



Fig. 82, Ideal linear time-base. 


current device sucli as a saturated diode. The diode is operated at 
a reduced filament temperature so that the thermionic current 
reaches saturation at quite a low voltage of about 20 volts. If the 
resistance R be replaced by this saturated diode, an absolutely cons¬ 
tant current is obtained in the condenser which must therefore 
charge up at a uniform rate until it is within about 20 volts of its 
full charge. Thus a linear time-base can bo obtained over nearly 
the .full voltage of the condenser. The rate of charging is determined 
by the actual thermionic emission in the diode, which is controlled 



CATHODE BAY OSCILLOGRAPH 


193 


by altering the filament temperature. This therefore requires a 
directly heated valve with a thoriated filament. A pentode can also 
be used which has the additional advantage of the charging current 
being easily controlled by altering the potential on the screen or grid 
of the valve. 

The frequency of the time-base in this arrangement where a 
saturated diode or pentode is used for charging the condenser is 
given by / = i/CV, where i is the charging current, C the capacity 
of the condenser and V the voltage of the condenser. 

In the simple time-base circuit a neon lamp is used to discharge 
the condenser periodically. But a thyratron or gas-filld triode is 
more advantageously used for this purpose, 
as it is possible to secure the required 
synchronism between the time-base and 
work under test easily and automatically. 

The time-base circuit with the saturated 
diode to charge the condenser at a cons¬ 
tant rate and the thyratron to discharge it 
periodically is shown in Fig. 83. The thy¬ 
ratron which acts as a gas relaij is connected 
across the condenser. With a suitable 
nagative bias on the grid, no current passes 
and no discharge can take place across the 
thyratron until tho plate potential reaches Fig 83 Diode thyralron 

a certain critical value , once the plate time-base circuit, 
current starts to flow, ionisation of the gas 

makes it increase very quickly so that the condenser is discharged 
very rapidly. As the saturated diode charges the condenser at a 
constant rate, the potential of the condenser and hence that of the 
plate of the triode increase also at a constant rate, until the critical 
potential is reached when the thyratron allows a discharge and then 
itself goes out of action since the discharging oi the condenser has 
caused the plate potential to drop practically to zero. The charging 
process recommences, until once again the condenser discharges 
t rough the thyratron, and the process repeats itself quite regularly. 

PI? the voltage across the condenser to the horizontal X-plates 
ol the cathode ray tube, during the charging period the spot on the 
screen moves horizontally in unison and flies back to its original 
posi ion on discharge. This sweep on the screen is repeated at the 
same requency as that of the time-base circuit. A safet} r resistance 
is usually put in tin; plate circuit of the thyratron in order to 
present it from passing too much current, which would damage the 
. e y excessive ionic bombardment. The value of the safety 
esis ance must, however, be small, otherwise the fly-back of the 

tbftf * ie scre( r n would be slowed down, while it is highly desirable 

t ;t G * • me i b y the spot to return from the end of the sweep 

to its original position is as short as possible. 

rtf .J? 6 U - Se * thyratron offers also an easy and automatic means 

^ troft,hstn( J t ic time-base and the periodic quantity under test. 
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Synchronism is very important but difficult to obtain, chiefly when 
the frequency under observation is not absolutely steady. But it 
can be done satisfactorily with the gas filled triode relay by introdu¬ 
cing a small portion of the voltage under study on to its grid. This 
causes the grid voltage to vary a little above and below its normal 
bias and consequently the firing voltage of the valve will also vary 

s *6 y* us suppose that although the charging rate of the con¬ 

denser has been set to reach the firing voltage value at the end of 
one complete wave, it actually happens to be running slow so that 
the condenser has not quite reached the value at the correct firing 
poin . ut since the firing voltage itself is not fixed but varying, the 
tube automatically adjusts itself to meet the condenser voltage and 
e isc arge will take place a little out of step perhaps at the start, 
u at erwards at regular intervals, equal to the period of the wave, 
so that the pattern remains stationary, thus indicating that synchro¬ 
nism has been obtained. The amount of the voltage introduced into 
the time-base for this purpose will depend on the amplification factor 
ol the triode relay as well as on the firing voltage. In any case it 
must lie small, otherwise the movement of the spot across the screen 
will not be uniform and distortion of the pattern will result. The 
requency of the time-base should therefore be adjusted sufficiently 
accurately and just enough synchronising voltage applied to render 
the pattern stationary. When the time-base is nearly synchronised 
the successive traces are only slightly displaced form one another, 
producing the effect of a steady wave-form which is slowlv drifting 
through the screen from one side to the other. As the frequency of 
the time-base becomes more removed from the correct speed required 
for synchronisation, this drift increases rapidly and finally becomes 
so fast that a confused succession of waves appears. 

A thyratron time-base functions satisfactorily up to about 50 
kilo-cycles/sec. The limiting factor is the time taken for the gas to 
de-ionise after the discharge. Until this happens the condenser will 
not recharge, so that the charging time and sweep are reduced till 
the circuit ceases to function. For frequencies higher than that 
stated above special hard-valve time-bases are used. 

Uses of the cathode ray tube* The manifold uses to which 
the cathode ray tube is put ma3 r be classified under two main heads : 
oscillograph work and television. Postponing the second very 
important use to a later section, we shall mention here brieffy some 
of the simple and interesting oscillographic applications. 

(1) The determination of the amplitude of a variable quantity , such 
as an oscillatory current or voltage, mechanical vibration, sound 
vibration, etc. For this only one pair of the deflecting system is 
used. When the. variable quantity under study is suitably applied 
as a corresponding voltage variation to the X- or Y-plates, the 
luminous spot on the screen will move al«jng the horizontal or verti¬ 
cal direction. Due to the persistence of vision a line will appear to 
be traced. The distance between the starting point of the spot and 
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the extremity of the trace is a measure of the amplitude of the 
vibration under test. 

(2) Tracing the actual wave-form of a periodic disturbance such 
as alternating current, alternating voltage, sound etc. Suppose the 
wave-form of voltage oscillations 


Y 



X 




IX 


n 


in an electric circuit is to be 
traced. This voltage is applied 
to the vertical or Y-plates while 
a suitable time-base circuit of 
known frequency is connected 
to the horizontal X-plates. If 
the voltage under study is ap- 
alone, it makes the spot 
trace a line along the vertical 
direction. likewise if the time- 
base circuit alone acts, it makes, 
the spot sweep across the screen 
in the horizontal direction at a 

uniform speed and then fly back quickly to the starting point, 
under the combined influence of the two, synchronism having 

secured, a stationary trace is 
obtained which will give the re¬ 
quired wave-form. (Fig. 84). 


s 


TIME-BASE 
CIRCUIT 

Fig. 84. 


But, 



When the frequency of 
the time-base is known, the fre¬ 
quency of the oscillatory circuit 
can be determined. For ex- 

Fig. 85. Trace of the wave-form ample, when the frequency of 

of a periodic disturbance. the time-base is exactly one- 

. Yani - » ., . _ third that of the oscillations 

jammed, the steady trace obtained on the screen is somewhat of 

flv ha^l™ f h° r i zo ntal line is due to the quick 

he tl ^ e - base ; The trace enables to determine the fre- 
the e oscillatory circuit, which in the case represented by 

base ^ ^ 18 evi( ^ en ^ three times the known frequency of the time- 

such la] differentcharacteristics of one and the same disturbance 

oscifl-Vnr^ 10 *^ ^ I ^p rence between the voltage and current in an 

ties act nl ^ ircui , cai * b° studied by making each of the two quanti- 

voltaae and deflecting plates. Traces obtained for the 

that the 1 ^ a P ure ^ inductive circuit clearly indicates 

ne current lags behind the voltage bv 90° 

with a \'jtnf., °f an unknown frequency by comparison 

froquenev nf n /re9 D WCy - • Sup P ose jt is squired to investigate the 

known fLln? alt ° rn f t T g current : An alternating current of 

the sunnlv of l- ** lo ° ne P a ir of the deflecting plates and 

supply of unknown frequency to the other. The spot will trace 
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a- definite pattern, which can be photographed. Analysis of the 
pattern enables to find the unknown frequency in terms of the 
known. If one of the frequencies is a small multiple or sub-multiple 
of the other, the traces will be a series of standard patterns, known 
as Lissajous 9 figures. In such a case, the known frequency is adjust¬ 
ed until the pattern becomes stationary. From the pattern the un¬ 
known frequency can be obtained as a multiple or sub-multiple of 
the known frequency. 


(5) Tracing the hysteresis curves. Hysteresis loops met with 
when a specimen of iron is taken through a complete cycle of magne¬ 
tisation can be readily 
traced on the screen 
of the cathode ray tube 
as follows. A suitable 
circuit required for the 
purpose is shown in 
Fig. 86. The alternat¬ 
ing current magnetising 
the ring specimen is a 

Fig. 86. Circuit for tracing the B-H curve. measure of the magne- 

tising force H. Hence 
. e onzontal deflection of the cathode ray must be made propor- 

lona to it. To do this a resistance is included in series with the 
magnetising coil and the potential drop across the resistance, ampli- 
• “ ^eed be, is applied to the horizontal X-plates. The change in 

yj? ion m the specimen is measured by the alternating voltage 
in uced in a secondary winding on the same core. To obtain 
accurate results the secondary windings should be small and placed 
outsule the flux of the magnetising coils, so that it responds to the 
induction in the specimen alone. The voltage V, being proportional 
to the rate of change of induction, must be integrated in order to 
get a deflection proportional to B. This is don 3 by making the 
secon arj winding form part of a circuit containing a large resis- 
tance K 2 and a condenser C 2 , which keep the induced t.m.f. in phase 

magnetising current. The voltage across C 2 , after ampli¬ 
fication, is applied to the vertical Y-plates. The spot then traces 
on the screen the usual B-H curve showing the hysteresis effect in 

? or 5? . a loop. It is to be noted that if the magnetising current 
is insufficient to saturate the specimen of iron, the curve traced will 

n i* a PPf. arance> of fc he customary hysteresis loop, but of a 

slightly distorted ellipse. 



(6) Some of the other interesting applications of the cathode 
ray oscillograph are : comparison of input and output voltages of an 
amp i er, p o ing response curves of high and low frequency circuits, 
measurements of the heights of the Kennelly-Heaviside E layer and 

„ e »» . a y« r _^ich affect the propagation of radio waves and 

cause fading in radio-reception, radar systems, microwave spectro- 

o s u ^ ° ransformer magnetisation, vibrations in machinery, 

o ones ue o reverberation of buildings, defects in generators 
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and motors during actual running, examination of heart-beats 
and nervous reactions etc. Thus the cathode ray oscillograph is of 
great asset to physicists, engineers and medical men and is constantly 
used in research laboratories. 


3. PHOTOELECTRIC CELLS 

The most important practical application of the photoelectric 
effect is the photoelectric cell. There are different kinds of photo¬ 
electric cells, according to the different principles of construction, 
although all ol them are based on the general effect of photoelectric 
emission. Thus we have the emission cells based on the outer photo¬ 
electric effect which can be further divided into vacuum and gas-filled 
cells ; the rectifier cells and conductivity cells ; these last two, though 

based on the inner photoelectric effect, employ different principles of 
action. 1 



emission cell is also called alkali-metal cell on account of 
an alkali metal being used in it as emitter of photoelectrons. It con¬ 
sists essentially of a glass or 

quartz bulb, the inner surface of 
which is coated by electrolysis 
with one of the alkali metals, say 
potassium, rubidium or caesium 

Further, the metal is 
in different ways. For 
in the potassium or 
cell, very much used 
in the study of stellar spectra, the 
metal is treated with hydrogen 
gas so that the sensitive surface 
is really a layer of potassium hy- 
ide. For the detection of 
white light a composite surface 
consisting of a caesium film depo 


(Fig. 87). 
sensitised 
instance, 
Clarendon 





Fig. 87. Emission cell. 


ed and is foind Wh / Ch ls , C0 7 ered with caesium oxide is employ- 
If & particular > 7 g -° l° und ^production in talkies, 

is obubS hv 8 ,S a lrr n n ,S , be St , udied . ^creased sensitivity 
selective effectm that r ^ & 1 ^tal which has a maximuir 

which light can eSer t A 7 ™ is left in the b ^ b through 

and cause emission^ nh% b i lb f nd aCt on the Photosensitive surface 
ween the sensitivA P f ° oe ectr ons. The photoelectric current bet- 
the bulb and acting n * aC ^ - anc ^ an °ther electrode A introduced in 
tive surface to the + S m ® as ^ re(i hy connecting the sensi- 

of a high-tension battery 00 vrO f thc a ? ode fco , the positive 

meter to measure the small current S ' sensitive elecfcr °- 

contain a gas^uch as helium hly evacuated ( the vacuum cell) or may 
tenths of a mm of mP m,i m > ar 8 0n or neon, at a low pressure, some 

a mm. of mercury (the gas-filled cell). Vacuum cells keep 
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a strict proportionality between the current and the intensity of 
light and have very little inertia, the emitted electrons moving 
freely, unhampered by the molecules of any residual gas. Further, the 
sensitivity remains unaltered for a very long time, provided the 
cathode is properly chosen. Hence, though not as sensitive as the 
gas-filled ceils, they function with great regularity and constanc} 7 
and are used for precise intensity measurements and for television 
purposes. Gas-filled cells produce a much more intense photoelec¬ 
tric current than the vacuum cells, due to ionisation by collision in the 
gas. But the proportionality between the current and the intensity 
is generally lost ; also there is an increase of inertia which prevents 
these cells from following faithfully rapid variations in the light in¬ 
tensity ; hence they are not quite suitable for television. The com¬ 
mercial gas-filled caesium cells, having a high sensitivity for red 
light, a low work function and the threshold far in the red region, 
are, however, very much used in practice for many other purposes. 

The photoelectric current produced by the emission cell is very 
small. For instance, with an ordinary vacuum cell illumined with 
a lamp of 50 C.P. placed at a distance of 1 metre, the current 
strength is of the order of 1/100 of a microampere. In the gas-filled 
cells the current will be evidently greater, but still small, so that it 
cannot be used directly for practical purposes. Hence it is usually 
amplified by means of thermionic valves. The circuit details for 
the amplification of the photoelectric current are as shown in 
Fig. 88. 

When the intensity of the incident light varies, there will be a 

variation in the photoelectric current strength. This variation when 

applied to a resis¬ 
tance R in the bat¬ 
tery circuit causes 
a variation in P.D- 
of the order of 
1/100 to 1/10 volt 
between the ends 
of R. This voltage 
variation is appli¬ 
ed through a con¬ 
denser C to the 
grid of a triode 
valve, which will 
modify to an app¬ 
reciable extent 
the plate current 

Fig. 88. Circuit for amplifying photoelectric current. of the valve, p re 

serving, however, 

the relative proportions of variation. Thus the small photoelectric 
current is amplified and passed on to further stages of amplification* 
In order to obtain amplification without distortion, R must be much 
smaller than the internal resistance of the cell. As there is a con- 
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denser in the resistance circuit the variation of tension^’ at the 
ends of R caused by a given illumination will attain its final 
value E only after a certain time t given by the expression 

e = E (1 — e~*1^ ). For distortionless amplification it is desirable 
to have a very small time constant CR, for which purpose C and R 
must be made as small as possible. Under these conditions the 
inertia of the system becomes negligibly small, a point in favour of 
amplification without distortion. It is to be noted that the strength 
of the photoelectric current depends upon a large number of factoid, 
such as the nature of tho cathode, the nature and pressure of the gas 
present, the potential difference between the electrodes, the size of 
the window, the intensity of light, the wa velength, if monochro¬ 
matic, and the spectral distribution in the case of composite light, etc. 
Hence for a quantitative use of a given cell several characteristic 
curves are obtained such as current vs. wavelength for a constant 
rate of energy reception, current vs. applied P. D. for a constant 
intensity of light, etc. 

Rectifier cell works on the principle of the inner photoelectric 
effect. It is a true cell in the sense that it generates an e.vx.f. with¬ 
out the application of any 
external potential, by merely 
making light fall on it. The 
rectifier cell consists essenti¬ 
ally of a semi-conducting a 
layer formed on the surface J? 
of a metal plate by heat ^ 
treatment or cathode sput- £ 
tering (Fig. 89). Over the 5 
semi-conductor is a thin ^ 
semi-transparent film of 
metal, which maintains elec¬ 
trical contact with the semi¬ 
conductor and at the same 

time allows light to illumine it. -When light is incident on the semi- 
con uctor, electrons are emitted and travel in a direction opposite 
o t at o the light rays. 1 f a circuit be formed between the metal 
ase ant the surface film with a low resistance galvanometer, the 
curron can be detected and measured. The current is not propor- 

intensity of illumination in a simple linear manner but 
rft«* S OI \ resistance in the circuit. For small values of the 
inttnisity 6 ™ 10 curre nt* is found to bo nearly proportional to the light 

t .1 ac ti°n °f the cell is not readily understood. Probably due 
in P rosence of a “transistor” a'photo-active boundary is formed 

an< ^ when light is absorbed at the surface of 
emi»Qir> 10 ? ketwoen the film and the semi-conductor photoelectric 
AmArml 1 a ^ eS P. ace * transistor was discovered in 1948 by three 
W 1 ^ ^ S1C1 ?^ S °f the Bell Telephone Laboratories, J. Bardeen, 

ey and W. Brat tain who have been jointly awarded in 
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1956 the Nobel prize for such an invention that represents a very 
significant land-mark in electronics. Intense researches are being 
actually carried on, since the device promises to play a very impor¬ 
tant part in radio-technology as an able competitor to thermionic 
valves. A transistor is essentially a semi-conductor which normally 
contains an equal number of electrons and “holes’ * in its crystal 
lattice. By the introduction of a small ■ quantity of “impurity”, an 
inequality is brought about between the numbers of holes and of 
electrons, which results in a unidirectional flow” of electricity under 

suitable conditions. More about this transistor action in a later 
chapter. 

The cell is called a rectifier cell, because Lange, in 1930, found 
for the first time that when a metal plate rectifier comprising a copper 
plate coated with cuprous oxide (CU 2 O) used for converting A.C. into 
D.C, was exposed to light, a relatively large current resulted. The 
first rectifier photo-cells were constructed with a copper disc in con¬ 
tact with a layer of the semi-conducting cuprous oxide. Since 
Lange s discovery much work has been done in developing this type 
of cells and a widely used modern form is the selenium cell (Weston 
photronic cell). By a special process an iron disc is coated with a 
film of selenium on the surface of which a film of platinum is formed 
sufficiently thin to be translucent. When light rays strike the plati¬ 
num film, they penetrate to the surface of the selenium layer and 
release electrons which flow in the direction opposite to that of the 
incident light. No external voltage is needed for this type of cells. 
They are robust and cheap and are as sensitive as the gas-filled 
emission cells. But the current produced cannot be amplified by 
thermionic valves. With strong light sources, however, the current 
can directly operate galvanometers. They are much used in instru¬ 
ments such as illumination meters, photographic exposure meters, 
photometers ? etc. 

Conductivity cell also works on the principle of the inner 
photoelectric effect but due to a different immediate cause, namely, 
the change in resistance of certain substances when illuminated. 
The current obtained from this cell is probably not the primary 
photoelectric current, since the material used, such as selenium, 
thallous sulphide, being semi-conductors, cause the electrons to 
accumulate at a boundary and set up a back e.m.f. which can ultima¬ 
tely prevent the flow of the small primary current. But in these 
substances a large secondary current flows in addition to the primary 
current due probably to the accumulation of primary electrons at the 
boundary which somehow diminishes the resistance of the substance 
and renders it more conducting. For the working of these cells an 
external potential of about 100 volts must be applied, which fact 
differentiates them from the rectifier cells. The light sensitivity of 
these cells is not linear and hence they cannot be used for accurate 
measurements of light intensity. They have also a considerable 
time-lag both in reaching the minimum resistance on illumination 
and in recovering again to the original value when the light source is 
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cut off. They are therefore not very much employed except for 
operating relays to control illumination. 

Uses of the photoelectric cell. The photoelectric cell has 
been termed the “magic-eye” and rightly so, for, it acts as a sort of 
substitute to the human eye, but with a sensitivity far superior, 
and finds extensive application in every walk of life, Stud}'' of astro- 
physical phenomena, such as the temperatures of stars and stellar 
spectra, correct control of the temperatures of furnaces and of 
chemical reactions, calorimetry and photometry use the photoelectric 
cell with great advantage to obtain the best results. In practical 
life protection against danger in working electrically driven tools, 
protection against thieves, fire, etc., automatic control of street 
lighting, of signals at level-crossings, of gates and doors, of the speed 
of cars and trains, automatic counting of objects made by a 
machine or persons visiting a place, etc., are rendered easy and effec¬ 
tive by the use of the photo-cell. We shall not describe in detail 
how all this is done. But we should deal briefly with three modern 
applications of the photoelectric cell which combine in themselves the 
three important phases of human life, scientific, artistic and utili¬ 
tarian. They are (t) sound films or talkies, (w) photo-telegraphy or 
belinogram and (iii) television. 

SOUND FILMS OR TALKIES 

Sound films involve a perfectly synchronised double process, 
vtz •» triton, t.e., filming and projecting of movements of the actors, 
and sound , i.e ., filming and reproducing the sounds made by 
t e actors, such as dialogues, songs, etc. As for the “action” part 
there is no great difficulty. The actors are photographed on a film 
which is made to move at a given speed and instantaneous photos 
are taken which follow in such quick succession that the different 
movements are registered faithfully. In the cinema show the film 
is made to unroll itself at a certain speed also, so that the projected 
images following rapidly one after the other produce the impression 
oi the actual movements of the actors. 

w a u he << . SOun< ^ , P ar t, viz., the recording and reproducing after- 

^ » S e . ^^ erei ^ sou nds made during the acting is somewhat 
more ifncult. It involves, in the process of production optical 

\ °* S0un< ^» and in reproduction conversion of the optical 

cftll° r r° sour ?^ again through the intermediary of the photoelectric 
it * s regards the optical record of sound, a microphone picks up 
: ^ un s P£ oc b^ed by the actors and converts them into electrical 
of * iese are amplified and cause a slit in the path of a beam 

• t tv° ° °^ e °P en 80 fhat the width of the slit varies accord- 

th?i« °pf the current. The light of var\ r ing intensity 

lines Sf? ^ s photographed on a moving film, on which 

of tv*** Q arynig density are produced. This constitutes the “negative” 

mount bat actuated the micro phone. The sound negative is 

inohrs R! ^ e negative of action , the former being 14*5 

totmtKor a a ° ^j e a ^ er to obtain synchronisation and the two 

re reproduced on the iilm proper, the positivo film used in 
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the show. The relative displacement of the negatives stated above 

?° y nec ^ ss ^ry owing to the very large difference in the 
pee s o transmission of light and sound. Only thus action and 

s n can be synchronised. The positive him contains the pictures 

m the mam central part and the sound record near one edge as a 
series of lines of varying density* 

For the reproduction of the sound from the film, the portion 
earning t e sound record is passed between a slit, permitting a thin 
earn o intense light to pass through, and a photo-cell. The intensi- 
ty ot light emerging from the sound track and falling on the photo- 
ce varies accord :ng to the density of the lines. The photoelectric 
cell converts the varying light impulses falling on it into correspond- 

ln ^ y 1^8 electric impulses. These electric impulses are suitably 
amp lned by valves and then fed into a loudspeaker which repro- 
uces Jie sound originally made. Thus, thanks to the ingenious 
scien inc devices of optical recording of sound, synchronising it with 
ac ion and reproducing it with a photo-cell and amplifier, vve get the 
most artistic and popular amusement of modern times. 

BEUNOGRAM 

The photoelectric cell finds an important application in this art 

o p ototelegraphy or transmission of pictures to distant places with- 

m a very short time. By means of this device newspapers strive to 

repro uce m every country photographs of persons or news of events 

"w ic ake place in different parts of the world within a few minutes* 
time. 

At the transmitting station the photograph or document to be 
reproduced is fastened on a cylinder which rotates at a uniform rate 
and at the same time moves forward on its axis so that a fixed point 
on it traces out a helical path with an even pitch about one-fourth 
o a mm. An intense spot of light is formed on the cylinder and the 
lght reflected from the illumined spot of the document is made to fall 
on a photo-cell. The intensity of the reflected light depends on the 
tone of that part of the document which is illumined and on account 

of the forward motion of the rotating cylinder different parts of th£ 

document are illumined successively. Hence the beam of reflected 
light which acts on the photo-cell varies in intensity, and the strength 
of the photoelectric current varies proportionately. This modulated 
current is amplified by means of valves in several stages and then by 
means of a transmitter is converted into radio waves. 

At the receiving station the aerial collects the radio waves and 
passes them on to an amplifying system of valves. The amplified 
current is fed into an oscillograph with a mirror on which a suitably 
concentrated beam of light is made to fall. As the mirror oscillates 
with an amplitude which is proportional to the current passing 
through the oscillograph and therefore also to the photoelectric 
current produced at the transmitting station, the spot of light re¬ 
flected from the mirror will also oscillate proportionately. The 
reflected oscillating beam of light is passed through a diaphragm 
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called the tone-scale diaphragm which is simply a slit that diminishes 
in width from a maximum to zero and serves to augment the con¬ 
trast in the final reproduction. This device transmits more or less 
light according as the oscillograph mirror turns through a greater or 
less angle and in this way the intensity of light emerging from u ^'i!l 
be strictly governed by the photoelectric current. The light of 
varying intensity coming out of the tone-scale diaphragm is made to 
fall on a photographic film, on which the picture or news is to be 
reproduced and which is fixed on a cylinder which rotates and moves 
forward on its axis in perfect synchronism with the cylinder of the 
transmitting station, so that there is an exact correspondence both in 
velocity and phase between the point which has emitted the signal 
and the point which is acted upon by a quantity of light proportional 
to the tone at the original point. Thus the picture or document used 
at the transmitting station is reproduced at the receiving station 
within a very short time. 

The important fact to be emphasised is that this sort of trans¬ 
mission of pictures or news is rendered possible by the Tact that the 
photo-cell follows without inertia the most rapid variations in the 
light received by it so that the electric impulses are produced with 
precisely the same rhythm as the light impulses acting on the cell. 

TELEVISION 

Television is the art of transmission and reproduction of mov¬ 
ing figures at a distance and the method employed is similar in many 
respects to the transmission of pictures, with the difference, however, 
that in the one the pictures already contained on a photographic 
film arc reproduced, while in the other an actual moving figure, say 
the face of an actor, is reproduced. The process of television in¬ 
volves the following essential points ; — (i) Scanning of the object 
which is to be televised. It consists in dissecting the object into 
large number of elements by making a narrow and intense beam of 
light move rapidly back and forth over a limited portion of the 
object. (ti) Conversion of the light impulses received from the 
8canned object into electric impluses , for which the photoelectric cell 
is used, (itt) Reconversion of the electric impluses back to light 
impulses in such a way as to reconstruct the original object. The 
first two points are attended to by a television transmitter while the 
^ third by a television receiver. 

The three different techniques used in television are : — 

(i) the mechanical Nipkow disc system, 

(\i) the optico-mechanieal Scophony system, 

(Hi) the cathode ray Iconoscope system. 

The first two belong to the pioneer stage and have now been 
replaced by the third. 

. *^ le Nipkow disc system (Fig. 90). The scanning device in 
ns system is a rotating disc, about 50 cms. in diameter, having near 

TK* C ® 6 i a ser * es holes arranged in the form of a single-turn spiral. 

is is known as the Nipkow disc, as it was invented by Nipkow in 
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behhin S','”””'"*”!' “alim, with a powerful source of liabt S 
ehmd ,he N, P k0 "' d “' « d *l>e object to be scanned, say the face 
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whole faT "is Tcanned invert s^aUrtri m ° Ve ifi 1 8l i ch a Way that the 

short tie g but renei J » mmeS ^ different P arts of thefoce for a 
revolutions per second made ‘disc ^TlT 0 ! & h th ® ° f 

the disc. The intensity of light sartWd fl tJ ^ nU “ b f of boIes * n 

on the nart n f tim foi ® scattered at a given instant depends 

the instant Dark PV p h u P on w kich ^he scanning beam is falling at 
scatter more hlht eJ< ^ TOWS + , scatt ^ Ie / S . Hght. while white teeth 

the different parts nf th <- S rays light which are scattered by 
tne aitterent parts of the face will vary in intensity. 

photoelectric cell^wh ray 1 va rying intensity are made to fall on a 

whose instantaneous h vSue h depTn 1 L b upon te? 6 * 1 “ to f ® 1 * otr j c im P ul ? es 
jq hpino- il l nminori „+ j_ - ae P encls U P°P the part of the face which 

electrical imnnUpe ^ ins ^ an ^* Hence as the scanning disc rotates, 

pondine in intpnQifv^ 6 ^ enerateC ^ in P^ otoe l ectr ic cell, corres- 
elements of th« nl * 7 ^ f eqaence to . the Ught and shade of the 
scanned These ^ nd ®J’ < l er l 11 which these elements are 

the hicrh'frem 1DQ P U ses > suitably amplified, are used to modulate 

cast af radfn w? Cy T^u ° f a transmitter and then broad- 

cast as radio waves from the aerial. 

amnlifi^lvp W TOPfl S are ?^ aer * a * receiving station 

Tamn wWe . ,° f thern »omc valves and applied te a neon 

the sicmnl re • n J* ln cor J 8e Q uence » fluctuates in the same way as 
ibieet^t the + aS the sca "ning beam that has explored the 

f„ietieteA h tra nsmittmg station. The response of this lamp when 
with -fre Pr^P er y is so quick that intensity fluctuations may occur 
TAtlZtVrr* Up .u‘° u 1 . 05 cycles per second. Thus the electric 
reconverted h* 11 l- 1 ^® v*? ob i ect * n an invisible but real manner are 
liaht ».nd h d ° J 0 , b ® b t impulses, which fluctuate according to the 

iothese d l£ht d - e 0f ^ he obj t Ct - In order to reconstruct the object out 
jo hese light impulses, a Nipkow disc, which is identical with and 
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rotates at exactly the same speed as the one at the transmitter is 
arranged in front of the neon lamp. The light passed by the holes of 
the disc is allowed to fall on a screen, which is thus scanned in exactly 
the same way as the object. Although only a narrow strip on the screen 
is illuminated at any time, an eye looking at the screen would see a 
complete picture, due to the rapidity with which the different strips 

follow one another and the persistence of vision. Perfect synchro¬ 
nism between the transmitting and receiving Nipkow discs is abso¬ 
lutely essential for the reconstruction of the object. To obtain a 
tolerable definition of the object reconstructed, about 100 horizontal 
lines of scanning at least will be necessary, the whole object being 
scanned at about 25 times per second. This means the Nipkow disc 
should have about 100 holes and should be rotated at about 25 
revolutions per second. Due to the mechanical means employed 
the reproduction of the object televised is far from being perfect. 

The Scuphony system is an optico-mechanical system inven¬ 
ted and developed by Scophony Ltd. with remarkable ingenuity. 

le scanning device in this system is a revolving drum with a 
number of mirrors of stainless steel. The light source is a high 
intensity arc lamp or a high pressure mercury vapour lamp which is 
considered to be the most efficient and brilliant source known The 
light ^ focussed by means of a lens to an ingenious device known as 
the light control winch consists of a cell with transparent sides con- 

taimng a suitable liquid and a piezo-electric quartz crystal at one 

crvK^nLh P f yU18 a tUgh freqUene - v 1> D - t0 the opposite faces of the 
crystal high frequency (supersonic) sound waves of the order of 

X )0 - Cy<:1los I» r second are produced in the liquid. The beam of 

of the sonnH Ug the Ce t U in a dircction at right angles to that 

the band of T ^ “ P *. n th ° liquid - As the light passes through 

Svesld n f 11 i 8 rctardc<1 the compression half 

akJrmtt n accelerated b y rarefaction half waves, since the 

refractivp ir^r P ressi °*/| an( ^ rarefaction half waves possess different 

interferon cmcr & ent light in consequence develops an 

letinl a,Ul Pr ° duces 'Effraction spectra, the sound waves 

device a L d 'f[ ract T gratin g- Light coming out of this control 

these di rerH lr I J,,gh V 0ns on tn the revolving mirror drum. All 

receiver ?J ent ur J lts ‘J re found both m the transmitter and in the 
ceiver, identical and perfectly synchronised. 

obiect A mt° t tr . an ‘ Smi 1 tter < as mirror drum rotates, the area of the 

the seining 1 • 18 SCanned in a series of hues and the light of 

into electric ^ ray i* S P ro J ecte< l to a photoelectric cell, converted 
wave^ bv^Vw. * mpulf, e 8 > amplified and broadcast as modulated radio 
station the in aenal in tho usual way. At the receiving 

mirror drum 81g o a wave s are picked up and amplified. Tho 

two senaram 1 ^ rec , 0,v 1 er . is stated by a motor which consists of 
nous \ Ullt ln 0ne case - 0ne sect '* on is an asynchro- 

mirror dnim^ f u m °t° r , used to run quickly up to the speed of the 
performed Tk 16 transmitter, which enables tho line scanning to be 
I normed. The other is a synchronous, relatively low-speed motor 
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which is fed by the alternating current obtained by amplifying the 
synchronising signals. The function of the low-speed motor is to 
obtain the Jrame scan , i.e ., the repeated complete scannings of the 
whole picture. The rays from the light control pass first to the 
high-speed scanner and then to the low-speed scanner and finally 
through a projection lens to the television screen where the object is 
reproduced in bright ‘black and white’ contrast. Use of the so-called 
“split focus’ ’ obtained with crossed cylindrical lenses results in an 
increase of the brilliance of the received picture. The pictures obtain¬ 
ed by this system are found to be without flicker. 

The cathode ray system. The technique of television has 
been greatly improved by the use of non-mechanical almost inertia¬ 
less electronic beam of the cathode 
rays for the scanning process. The 
essential features of this system 
are : — 

(1) a special scanning camera 
at the transmitting end known as 
the “emitron camera” or “Zwory¬ 
kin’s iconoscope’ ’ ; 


suitably adapted for the purpose 
and called the “kinoscope”, and 
a special device known as “inter¬ 
laced scanning”. 

The iconoscope at the trans- 
Zworykin m%tt%ng station is fundamentally^ a 

combination of a cathode ray oscil¬ 
lograph, and a photo-cell. It is diagrammatically shown in Fig. 91. 
The object O to be televised is focused by means of a lens L on to 
a “mosaic screen ” S, 
mounted in a highly 
evacuated glass bulb. 

The screen comprises of 
a thin sheet of mica on 
the front side of which 
are a very large num¬ 
ber of separate isolated 
globules of silver whose 
surfaces are coated with 
a film of photosensitive 
material, such as cae¬ 
sium, while the back 
side has a metal coat¬ 
ing known as the 

signal plate . Each in- Fig. 91. Zworykin’s iconoscope, 

dividual globule con- 



(2) a television receiver com¬ 
prising a cathode ray oscillograph 
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stitutes in itself a minute photocell and in conjunction with the 
common signal plate a minute condenser, the dielectric of which is 
the mica sheet. As the object is focused on the mosaic screen any 
individual globule will receive an amount of light and shade of the 
minute fragment of the picture which falls on that particular globule, 
and the number of electrons emitted by its photo-sensitive surface 
'■ iM be proportional to the amount of light received. As a result of 
the emission of electrons each elementary condenser constituted by 
I r globule and the signal plate will become positively charged to a 
degree which will be proportional to the intensity of light received 
bv it i.e,, proportional to the degree of light and shade of the picture 
which falls on the globule belonging to that condenser. In this way 
the mosaic screen is prepared for being scanned by the electron 

beam; this is of fundamental importance for the success oftrans- 

fni a a, since only thus it is possible for the globule surfaces to res¬ 
pond instantaneously to the touch oi the scanning beam. 


The cathode ray oscillograph without the usual fluorescent 
screen forms part of the transmission camera, the various elements 
of the cathode ray tube being arranged along a side tube fused to 
the bulb containing the mosaic screen. The filament of the cathode 
ray tube emits electrons and these are first focused into a fine and 
intense beam by the electron gun and then made to fall on the 
mosaic Around the neck of the iconoscope are two pairs of deflect¬ 
ing coils C t and C 2 supplied with “saw tooth” currents from two linear 
ime-bases, arranged outside the camera. These coils convert the 

causes theT I nt ° vf •““**« beam ‘ The current in one of them 

aboutin OMt n beam t0 , m °u e , fr ° m Side t0 side across the mosaic 
the beam °tn * second -^ w J» le the current in the other makes 

rims Hh> ,h t m T and down the mosaic at 50 times a second. 

several timefl° n f 13 T T" Very ra P idl ythe whole mosaic 

reltol n f 8eCO P nd - I 3 14 brU8hes P ast each g^hulc surface, it 
charge wv SUr f aCe J liU ? Clent electrons to neu trlise the positive 
lS from the" 8 K ready ST 1 for T d by action of the incident 
correspondingly b® 0 !' ^ he8e . chan 8 es of electric charge produce 
signal 1 *nlate^to ™* nute f. l ~ cfcnc impulses which are passed by the 

signals ^ean i n amplifier and then to the transmitter so that 
light and sh ®i radla t® d > which are electrical representations of the 
llighied ° bjeCt be transmitted. An idea of the 

beam with each • ‘f re tl“ ed that the fc ™e of contact of the 

a second wlfirk 6 b 18 ’f 83 than one haIf of a millionth part of 
second, which can never be had with mechanical scanning devices. 

by the formatton^nf ^ wor yhin s iconoscope is somewhat vitiated 
“secondary” cl,., , r s P uri °us images due to an uneven shower of 
velocity B^nnin/T from the m( 'saic surface by the high. 

the electrical outpuTof th,^ 0 ’ aS & reSUlt of s P ace -°har K e effects, 
light illumination P Ti V iconoscope is not linearly related to tho 

(“orfhicon”) devolopedTn 93 « S a TI ren ?°, ved in tbo or ^ono- 

I pea in IJ3J. Tins tube employs low-velo- 
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city electrons for scanning the mosaic, thereby eliminating any ob¬ 
servable secondary electron emission and giving better total rendi¬ 
tion than the iconoscope. The scanning electrons themselves are 
collected and the variations in this collection current constitute the 
electric impulses. Defocusing effects, which may be serious, are 
avoided by taking steps to ensure that the scanning beam hits the 
mosaic perpendicularly. The orthicon is subject to instability when 
there is a sudden burst of illumination which causes the mosaic to 
saturate in transient fashion and blot out the image by a large grey 
area for a second or two. 

Since 1945, the orthicon has yielded place to the image orthicon , 
which is an improved version of the orthicon, characterised by 
greater sensitivity and stability of operation. It has tw T o electrodes, 
namely a photocathode and a specially prepared target, t6 perform 
the functions of the mosaic in the earlier tubes. An electron 
multiplier is also incorporated in the tube to step up the beam 
current at the output of the camera. The image orthicon is among 
the most complicated tubes in general use. In its ability to cover a 
wide range of illumination, it performs better than all other transdu¬ 
cers including photographic films. 

At the receiving station a kinoscope, i.e., a cathode ray television 
receiver is used, an appliance similar to the transmission camera with 
the exception that the electron beam is focused on to a fluorescent 
screen instead of the mosaic screen. To reconstruct the pic¬ 
ture, the electron beam must scan the receiving screen in exactly the 
same speed as the mosaic in the transmission camera is scanned. 
This involves two linear time-bases supplying saw-tooth currents to 
two* pairs of deflecting coils round the neck of the receiver tube also, 
one of high frequency for the “line” scanning and the other of low 
frequency for the “frame” scanning. Further, the scanning beam 
of the receiver must be kept in exact step t.e., synchronised with 
that of the transmitter. For, then alone, the screen will be scanned 
line by line, picture by picture, in step with the scanning of the 
object to be televised. This is achieved by means of a continuous 
train of synchronising “line” and “frame” signals sent out from the 
transmitting aerial along with the “vision” signals. In the receiver, 
after amplification and detection of the signals received, the synchro¬ 
nising signals are separated from the “vision” signals. The former 
are used to keep the time-bases in exact step, while the latter are 
applied to the control electrode of the cathode ray tube where they 
cause the brightness of the beam spot on the fluorescent screen to 
vary in accordance with the currents sent out from the mosaic signal 
plate. In this way there appears on the receiving screen an exact 
replica of light and shade as is present on the mosaic screen of the 
transmitter, that is to say, the object is reproduced in minute detail 
on the fluorescent screen of the receiver. 

Interlaced scanning. In order that the picture may appear on 
the screen without flicker, each complete scanning must be perform¬ 
ed at a very high speed and the repetition of each complete scan 
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must also be very rapid. This result is obtained by what is known as 
‘‘interlaced scanning”. The device consists in scanning the picture 
in two separate operations. Supposing that there are 400 horizon¬ 
tal rows of elementary globules in the mosaic screen of the trans¬ 
mitter, the first of the two scanning operations consists in scanning 
each alternate row, say the first, third, fifth, and so on. At the 
next operation the intermediate rows, viz., the second, fourth, sixth, 
etc. are scanned. Each of these two operations is performed 50 times 
per second, but since the complete scanning requires two operations, 
the whole picture is actually scanned only 25 times per second. In 
f 11 1 dickering is reduced to the extent which corresponds to a 

scanning rate of 50 per second, whereas the actual transmission of 
the picture corresponds to a rate of only 25 per second. This method 
ol procedure has the combined advantages of reducing the required 
band of frequency for transmission and it the same time of retailing 
the jngh quality of reproduction corresponding to a scanning rate 
ot 50 per second. Since there are 400 rows in the mosaic and in 

wi ° r 86C ' half ° f theSe are scanned . the rate of scanning will be 
^00 x 50 = 10,000 lines per see. The deflection coils which control 
the horizontal movements of the beam are supplied with a time 
ase ol 10,000‘cycles/see. Further since one complete journey of the 
beam from top to bottom of the picture takes 1/50 sec. the coils that 
con ro the vertical movements of the beam are connected to a time 
case ot 50 cycles per second. At the transmitting station a special 

i Aooo t0r P rodllces e.m.f. wave which comprises frequencies of 50 and 
iu.uuu and also the synchronising pulses. 


a The osclllo 9 ra P f t of the receiver is similar to the usual type, but 

denen U ^ eSCent .u Cr °? n dla “ eter varies from about 5 inches to 16 inches 

horizn^fl 0 " he u S1Z u e ° f the receiver - The tube may be mounted 
end of th f *k WhlCh CaS ° the P' cture is seen by viewing directly the 

Pictured bC -’ ° r 11 - may be ' raounted vertically in which case the 
and iWif . en . m a m '7 0r arra,, g ed the receiver lid to be above 

a hivh wf- a an ang -' e , t0 the 8creen ' The 8creen is maintained at 
u T, ^ 1 *y p P° en ^ la l ln order to absorb the electrons which strike 

Lo„ ™“ h b „” t , 0 T d ‘ h “‘ the ,nmin “ ty ° !th ° «n the 


if it ar ^ ^ e ^ ev i‘ s i° n is evidently enhancec 

acoommnv thL f 9 r 6 a talki ® r °P r °ducing the sounds which 

radio-tele^linnTr^ 6 e y iSe ^u Cene ' kas ^ een ^ ono b ^ r installing r 

ray system S '^ S ^ ^ e ^' veen two stations. In" tho cathode 
and eventnn.il e J?° 1 un P ar ^ transmitted along separate channeli 
station both t*L ^ j> > 0 transm ^^ ri K aerial. At the receiving 

a single but & anc “sound* * signals are received b^ 

a radio frenim P ecia aerial. Both are then passed througl 

Sf 1 T^trr ncy a? the output ° 

of amnlifier nn/t i Cl °* soun( ^ signal passes along its channe 

heterodyne receiver 0t0 - tbe ,ouds P oaker as in a normal super 
^ vision signal after amplification ii 
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detected and then it consists of picture signals and synchronising 
impulse. The picture signals arc fed to the control electrodes of 


-j 

5 

*^4 


o 

CL 

3 



Fig. 92 . Talkio television receiver. 


the cathode ray tube where the brightness of the spot is so controlled 
as to produce the light and shade of the picture. The synchronising 
impulses are filtered in the impulse separator and used to control the 
two time-bases so that the spot scans the receiver screen in exact 
step with the transmitter scanning, thus reproducing the picture. 
The final result is the talkie television. The talkie television receiver 
is schematically represented in Fig. 92. 

Colour television. The televised picture loses much of its 
charm and effectiveness, if it is simply in black and white, since 
the presence of colour gives a greater sense of reality, better contrast 
and a certain impression of depth. Hence attempts were made quite 
from the beginning to produce colour television by using the three 
fundamental colours, red, green and blue or the two complementary 
colours orange-red and blue-green. In the early stages, the ordinary 
scanning disc was replaced by a triple spiral disc in which the three 
sets of holes were covered with red, green and blue filters, respective¬ 
ly. The object was then scanned first by a red beam of light, then 
by a green light and finally by blue, at tho transmitter. At the 
receiver a scanning disc precisely similar and rotating in exact 
synchronism with that at the transmitter was used and arrangements 
were used to provide red, blue, green illumination as the correspond¬ 
ing impulses were received. This resulted in the formation of a pic¬ 
ture in colours which resembled those of the object. 

With the introduction of electron beam scanning, colour tele¬ 
vision was first produced by interposing between the moving spot of 
the cathode ray tube and the scene to be televised a disc with red, 
green and blue filters and a lens and receiving the light reflected from 
the scene in photoelectric cells whose colour response approximated 
to that of the human eye. At the receiver the picture produced on 
the fluorescent screen was either projected on to a screen through a 
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colour disc run in synchronism with the disc at the transmitter or 
viewed directly through a colour filter disc. 

In a more recent technique mechanical colour filter discs were 
eliminated altogether and t he principle of forming separate images on 
the cathode ray tube and combining them on a viewing screen was 
employed, with better results. On the fluorescent screen three 
images were formed corresponding to the three colours, red g ree n 

“t,’»d Z i Ve ‘ he 0,h,,r ' Wi ? “ ,yK t m ■*<»•« «r5l>llj 

arranged the throe images were made to overlap on a screen where 
the picture was formed in approximately natural colours. 

1 he most modern method is entirely electronic in action where 

the colour image appears directly on the fluorescent screen itself 
Here the cathode ray tube is of 

special design and has two r 

separate electronic beams in the I 

two-colour system and three in 1 ' 

the three-colour system. These . 

electronic beams are modn 1 a t.pH 
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Immediately ahead of the image-screen is a metal “mask” having a 
multitude of small holes pierced in it, one hole for each cluster of 
three phosphor dots. The position of each electron gun is arranged 
such that the beam from it passes through the hole and excites 
phosphor dots of one colour only. In the more recent single-gun 
typ®. single electron beam is made to move in a spiral fashion, so 
that as the scanning beam moves over each cluster, its spiral motion 
helps to excite each of the colour dots in sequence. There is also a 
form of tri-colour tube using a single beam proposed by Prof. 
O. E. Lawrence, in which the image screen is made up of vertical 
lines of phosphor dots, each line fluorescing in one colour and ad¬ 
jacent lines in the sequence — red, green, blue, red, green, blue, etc. 
There is a screen mesh immediately ahead which has a grid-like 
structure, obtained by photo-engraving techniques. By the use of 
appropriate potentials on the vertical grid wires, the electron beam 
can remain undeflected or be deflected to the left or right, in any 
desired sequence, so as to impinge on the appropriate colour-dot and 

ultimately produce the colour effect in the reproduced image as a 
whole. 

4. PHOTOMULTIPLIER 

A photomultiplier or electron multiplier is a vacuum tube which 
uses the phenomenon of secondary emission to produce amplification 
of photoelectric current. 

i 

Principle. When light falls on a photo-sensitive surface P 
(Fig. 94), photo electro ns are emitted. These electrons ar6 accelerated 



Fig. 94. Principle of photomultiplier. 


by an electric field and made to impinge upon a sensitive surface Dj, 
where they give rise to an increased number of secondary electrons. 
These electrons are in turn accelerated and impinge on a second 
sensitive target L 2 , producing more electrons by secondary emissions. 
A number of such stages of emission and acceleration is incorporated 
in a highly evacuated tube and at each stage the number of elec¬ 
trons is multiplied. The final stream of electrons is received by a 
collecting electrode C. The first sensitive surface P on which light 
falls is called the photocathode , while the other sensitive targets Dif 
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V it D 3 which emit secondary electrons are known as chjnodes 
are coated with a silver oxide-caesium layer, which gives a 
emission of secondary electrons. The amplification of a pho 

plier is of the order of a million when the tube is ope] 
100 volts per stage. 

Photomultipliers in use* There are two types in ac 
one devised by R.C.A. and the other by E.M.I. ; they an 
schematically in Figs. 95 

and 96. The American tube 

(R.C.A.) is a focused type , >tv^^'Dynocl£ 

fitted with a series of curved / IA \ 

dynodes arranged in such a / * \ 

way that the electrons emit- / 5 T \ 

ted at each dynode are ( / ] _ 

focused on 'the next in the \ V* * /• XX —'— /XicS 

series. The English ver- \ ( / 6 \\ / {ron 

sion (E.M.I.) is a linear \ -?X gB r^j) n i 

non-focused type where the X. ^nOn 

dynodes are made up of Screen 

metallic slats arranged in Taa . n I 

a Venetian blind form. Couechngaecfrode 

Electrons released from the _ 

surfaces are dragged be^ Fig ‘ 95 ' R C A ’ P,,otoraulti P 1 

ween the slats under the influence of an electric field and ar, 


5. ELECTRON MICROSCOPE 

>» ».gnU> “ the .“»» itself suggests, 

in th« Wh ^ e a beam of electrons 
m the ordinary optical 

^ne first electron r - f ~ 
great value both in science and industry 


> is a device 

(not directly visible in detail to the naked 
. — 1 I s employed instead of light rays as 

microscope. Since the time of the design of 
microscope, this apparatus has proved to be of 

"l OAlAm An ._ 1*1 * 
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Principle* A quarter of a century ago the electron microscope 
could not have been even thought of, as it is based on two new 
principles which were discovered only about thirty years ago* These 
principles are : 

(1) particles such as electrons have a wave nature, similar to 
light rays but of much shorter wavelength ; 

(2) electrons can be focused by suitable electric and magnetic 
fields, very much like light rays are focused by glass lenses. 

To appreciate fully the principle of construction and action of 
the electron microscope, it is necessary to note the various stages of 
evolution in the technique of magnifying instruments. Given the fact 
that direct observation of minute particles is of great importance for 
many purposes, while the human bye by itself can see only objects 
whose dimensions are of the order of about *02 cm., microscopes 
came into use long ago as aids to overcome the weakness of human 
perception of extremely minute particles. First, the simple magnify¬ 
ing glass, then the compound microscope devised already three 
centuries ago and more recently the ultra-microscope gradually 
extended the range of detailed perception of smaller and smaller 
particles until a limit was reached at about *00002 cm. The absolute 
theoretical limit of magnification of the optical ultra-microscope was 
about 3,000, while in practice the magnifying power of the order of 
1,000 alone was obtained. This limit to magnification was soon 
recognised to be due not to imperfections in the design or construc¬ 
tion of the instrument, but to the light used to illumine the object. 
There would be actually no difficulty in producing a set of lenses 
which would magnify much more than 3,000 times, but nothing at all 
would be gained by it. For, the image would'be larger, but it would 
be correspondingly blurred and no more detail would be revealed. 
It is the light, in fact, that sets the limit to magnification. The 
wavelength of visible light used for illumination in optical micros¬ 
copes is of the orcjer of 6 x 10' 6 cm. Objects smaller in dimension 
than this wavelength could not be seen- since light would pass bet¬ 
ween them without being scattered by them. Attempts w ere next 
made to improve this limiting factor by the use of short* ultra-violet 
light and photographic plates, but with only a very small measure of 
success. 

Then came the idea of substituting a beam of electrons for a 
beam of light. But before such an idea could suggest itself to scien¬ 
tists, certain other properties of the electrons had to be discovered 
first and recognised. These were (1) the wave nature of electrons, 
proposed on theoretical grounds, by Louis de Broglie in 1923 anc 
confirmed a little later by the experiments of Davission and Germer, 
G.P. Thomson and others on the diffraction of electrons, and (2) the 
possibility of focusing electrons by electric and magnetic lenses. In 
1926-27, Busch, in Germany, worked out the theory of the electron 
lens represented by axially symmetric magnetic or electric fields 
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basing himself on the experiments of Mac Grcgor-Morris and others 
demonstrating the focusing properties of magnetic coils with respect 
to cathode rays. With these properties fully tested roundabout 
1930, it was but a short step further to the practical design of the 
electron microscope. In the year 1932, with much patience and 
skill, the first instrument of its kind was constructed. Witli conti¬ 
nuously perfected technique, the electron microscope at present gives 
an actual magnification of about 20,000 with an upper limit of about 
100,000. Thus we have come to possess an instrument which is capa¬ 
ble of bringing into visibility a whole range of detail of extremely 

minute objects, invisible even under the most powerful optical 
microscope. 

Let us now see how the wave nature of electrons and the 

or magnetic lenses lead to such a 
high degree of magnification. For useful magnification two condi¬ 
tions must be satisfied : high resolution into detail and perceptibility 
of the resolved details. Hence the higher the resolving power of the 
instrument with a simultaneous greater perceptibility, the greater 
will be its magnifying power. If the perceptibility decreases with 
increase m resolution, the image, as its size increases, would get cor¬ 
respondingly blurred and hence no useful purpose is served. This is 

what sets the low upper limit to the magnifying power of an optical 
microscope. r 


^solving power. In the electron microscope the resolving 
of ,i,o T b ,? greatly mcreased without detriment to perceptibility 
factor. • .u’ thc resolvln S power of a microscope depends on two 

turo TK 2 " tho ' vave en gth of the light used and the numerical aper- 

the resold n 8ma 0r 4 h ? wavalen g th of light used the greater will be 
smaller will 11 ^ Po^er, but the smaller the numerical aperture the 

t”od orTi i . o e r , ea ° lvlng P° wer - N ow when electrons are scat- 
wavelenatlf^^’i 1 ' 0y bebave ’ according to do Broglie, as light of 
and l are by A = , h/mv ’ wheru h is Penck’s constant, and m 

accelerated hv v ? Qcity of the ele ctrons. For electrons 

from the relnt^ a , ^°f about 60,000 volts, v can be calculated 

lenmh i ♦ * WV = eV ’ and m = » X gm. The wave- 

smaller thanTh t° U f 4 °., K ab ° Ut 5 X 10 ' 1# cm - This is 10 s times 
electrm h ° f vmible light ‘ Hcnce the resolving power of the 

the haht 'Trn C0P6 ^ 100 > 000 time » greater than that of 

microscone TSi' But.the numerical aperture in the electron 

on account of GF ^ iai ! t * iat optical microscope 

Will therefore ',b‘ Vk" S6t , by kns aberrations. This factor 
ing power of t.h, b ° re . 8 ° vln g P ower - But even so, the resolv- 

ordinary inicroteopc“ microsco P e is fa r greater than that of the 



of detail even umW l ^ u C 8ec( ? nd . c °ndition, viz ., clear perceptibility 

sn,YA rae of the electro^ b^a ^ Utl °S,^ s secured by a special focusing 

=- *« - ron beam. The greater the concentration of 

that strikes the minute object, the greater 


sc he 

electrons in thc beam 
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also will be the number of electrons scattered from the object, which 

will render every detail of the object more clearly perceptible. The 

required concentration is achieved by focusing the available electrons 

into an intense and fast beam. Two types of focusing are in use : 
electrostatic and magnetic . 

Electrostatic focusing. We have already spoken of this 
in of focusing in connection with the cathode ray oscillograph. 



Fig. 97. Principle of electrostatic focusing. 


where it was stated that an “electron lens* * consisting of a succession 
of anodes at increasing potentials, suitably chosen causes the electrons 

in different directions from the emitter, to converge and 
get focused. < (Of. Fig. 80). The same technique is used here also. 
If two cylinders A and B, charged to different positive potentials, 
with A at a lower value than B, are arranged as shown in Fig. 97, 
the resulting electric field will be as indicated by the dotted lines. 
The shape of the equipotential lines will be curved as shown by the 
full thick lines. The electric lines of force are always at right angles 
to the equipotential lines. The curved equipotential planes form an 
electrostatic .lens, those at A as a convex lens, while those at B as 
concave. Hence if an electron beam passes through the two cylin¬ 
ders, all the electrons will be brought to a focus at F, By making 
B larger than A the electric lines of force can be made to spread out 
more and cause a corresponding change in the curvature of the 
equipotential lines and hence of the point of focus. Thus the arrange¬ 
ment can be used as an electron lens . It is to be noted that while 
the focal length of an optical lens is fixed by the radii of curvature 
of the lens, the focal length of an electron lens can be changed at 
will by altering the potentials of the cylinders and the velocity of 
the electrons. The first practical electrostatic lens system which lent 
itself to the construction of an electrostatic electron microscope was 
introduced by Bruch and Johannson in 1932. It was called the “im¬ 
mersion objective lens” or “three electrode lens.” But it is the magne¬ 
tic focusing that is chiefly used for the electron microscope, where an 
intense and very fast beam of electrons is required. We shall now 
state briefly the principle involved in this type of focusing. 

Magnetic focusing. Consider an electron atO (Fig. 98) inside 
a uniform magnetic field of intensity H moving with a velocity v in 
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a direction at an angle $ with that of the field. Resolving the velocity 
v of the electron, represented by OP, into two components, OR along 
the direction of field 
equal to v cos 8 and 
OQ at right angles to 
tho field equal to v sin 8, 
let us consider the 
effect of the field on the 
electron, if it were to 
possess the two com¬ 
ponent velocities separa¬ 
tely. The electron mov¬ 
ing with v cos 8 in the 
direction of H will not 
be affected and there¬ 
fore will proceed in a 
straight line. On the 
other hand, the electron 
moving with v sin Q at right angles to H will describe a circle which 
will be oriented at right angles to the direction of H and will return 
to 0 from where it started. Hence the electron possessing the two 
component velocities v cos 8 and v sin 8 simultaneously tends to des¬ 
cribe the circle, but at the same time progresses along OR with the 
uniform velocity v cos 8 . The path of the electron is therefore a 
helix. By the time the circle would have been completed, the elec¬ 
tron would have arrived at R. 

Tho time t taken to complete one circle or one turn of the 

helix, as well as the pitch l of the helix can be calculated as 
follows :— 





Fig. 98 . Principle of magnetic focusing. 


The circular motion due to the component v sin 8 is governed 
by the relation, 


H e « sin 0 = b - in .-°l 


...( 1 ) 


* 

where p is the radius of the circle. 

27rp 


Now 


t = 


v sin 8 

From (1) v sin 8 ~ Hep jm 


...( 2 ) 


t = 


2ttp 


H (e/mjp H (e/m) ***(^) 

Since the pitch l of tho helix is the distance covered by the 
electron during the time t t along OR, 

___ n A 2tc v cos 8 

v cos 8 x t = 


I 


H (e/m) 


...(4) 


t is evident from the expression for t that this time does not depend 
on the value of 8. So an electron starting from O and moving away 
rom the direction OR will be forced by the uniform field to arrive 
a a point R which is at a distance l along the direction of the field. 
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In the absence of the field it i 

From this it follows that If eLt m ° Ve along the direction OP. 

and forming a divergent j emi , fcted from a source at 0 

field, they will be made to converge towards* 1 40 a . u ^ rm magnetic 
tion of the field, distant l equal g to v if P c ,n , fc a , ]ong the direc * 

the electrons. Thus the ma2, 0 f n ,j be P ,tcb °f the helical path of 

the same way as a lens acts on^i &CtS ° n l ^ e electron beam in 
called a magnetic lens whose focal length 6 "* b ° am and is therefore 
so adjusted that the electrons S f ngth 18 glven b y l. When /is 

in the helix, more than one focal point ^ com P ,ete rotations 

3i, etc. The distance 1 can hp l.f fu dl 0< : cur at dista nces 1, 21, 
the field as seen from the exnrc 6 f tenng the intensity H of 
therefore the special pronertv P wh fch* 1 •*** \ The magnetic lens has 
lens, of having a focal leS 7 , uf ch ,s , not Possessed by an optical 

the magnetic field. The magneticfiehf n be vaned at wiI1 b y varying 
um which acts upon the electron beam aTglaSs dols^^n^light b“am! 

electron optics^’^o'^d^ma^iemtrticaUy^that ^^on^uniform ina^etic 

P _ field along the axis of a 

I Tz- —^ I —fT •—’- y short solenoid also has ■ 

I I ^ ie properties of a lens 

J fand that the relation be- 
I J ~5tween focal length, mag- 

r r r jvv£ 7- £-^_--r_ - _r netic field strength and 

electron velocity- fitted 
:rr ^ “ well with the cor res pond- 

" <7 , ~i-_- optica] formulae. 

- F-~rg=-^ | Gabor in 1927 found that 

Fie 99 M a „ n , J u h ° magnetiC field C0U,d 

g. J9. -Magnetic electron lens. be concentrated within a 

axis of the solenoid coil if the lot. shorter distance along the 

which reduced at mV™ „ B - Iatter was encased in an iron shield 

in 1931 carried a ^.“ agnet . lc fields considerably. Knoll and Ruska 

extreme utilised ° f thc iron shield to 

symmetrical about, tEo stray field at a narrow gap which is 

magnetic lens ll?ia qo\ tbe cod as t be effective field of the 

magnetic field with much iff typ ? w ' as found to produce the required 

Tf this S of rl J Urth r er * was fo ’ lnd that the focal length 

focal length which” e h° r iff a ^ ew cm s. In general, the minimum 

fications are to be^btained df a f« small as possible, if large magni- 

De ouwuned, depends on tho geometry of the coil. 

fied intrftw^f^<ft° n • ■ Pb, e electron microscopes in use may be classi* 
lens sv?tem fnr fc gOn0S ’ l 6 electrostatic, which use the electrostatic 
magnetic lenoco cuslng J 10 electron beam and the magnetic, where 
Smnl are US ? d ‘ Both the electrostatic and magnetic 

type ^ whe“e C fhe C m a e „ S - 6 further d ^erentiated into the emission 

face’of the 31 lmag6 iS ® im P ly a reproduction of the sur¬ 
er the cathode, the source of electrons, and the transmission 


E ~ ~ Ccd£ ~ ~~ 


—* Snort S/l iz/ct4 -- 

* L 

^Ig. 99. Magnetic electron lens. 
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type, where the magnified image is a reproduction of an object insert 
ed between the cathode and the screen. 

During the first ten years of development of the electron micro 
scope technique, most of the instruments constructed were o 
the electrostatic omission type. The 

first magnetic electron microscope, ^- 1 - -*\ -<- y 

also of the emission type, was built \ ] / \ • / 

in Germany by Knoll and Ruska in \ i / \ J /&\ 

1932. These emission type instruments, \!/ P| VY /" 

whether electrostatic or magnetic, are / /( S 

ordinarily used to determine some struc- /« \ / j \ 

ture on the surface of the cathode. w^<r—^—\— 
The electrostatic emission type micro- \ ! / \ ! / 

scope does not possess a very high \ ! / \ ! / 

magnifying power on account of several \/ I—\\'/ C~ 

limiting factors, such as the small value C V\ ° 1 > ( 

of the numerical aperture required to /’\ /|\ w 

keep lens aberrations to a minimum, ' i w x |; f* x 

the smoothness of the cathode surface \ ! 

and relatively low temperature opera- i 1 nl'in’ 

tion required to avoid space charge dis- c\|/> 

tortions, etc. The modern electron y' j Uy'j 

microscope is ordinarily of the magnetic y j V 

transmission type, in which much larger | u* 

magnifications are obtained by the use l 

oi magnetic lenses of very short focal 

lengths and two lens stages in addition F,g ’ 10 °- ° pticaI and eloc ! ro 

the condenser lens ; there is also pro* y 

viaion of an object stage for the insertion of specimens. Althoug] 
this instrument differs very much from the optical microscope a 
regards size, appearance and cost, (weighing some tons, standing 8 o 
9 ft. high, with a number of eye-pieces at a convenient height fo 
<> servation, costing some Rs, 100,000), its principle of action is th 
same as that of the ordinary microscope. The electron microscope is 

c ^^ rec l' counterpart of the light microscope, as seen fror 
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°p der , of about 50,000 volts, is passed through a first magnetic 
lens M L. which acts as a condenser concentrating the electron beam. 
An ordinary glass lens cannot be used here as it would simply stop 
the electrons, but a suitable magnetic coil performs the work of 
focusing the electron beam efficiently. The concentrated beam is 

if o n Jj hr0W f 1 °" j 0 the object X to be magnified which in this case 
is a film of collodion about 10 millimicrons thick. Some of these 

r h C ;: o 0nS ’ *r Z i A t v 0Se that 8trike the ° b i ect . are stopped. But the 

S f? tt !f ed fi b ^ Xt paSS traverse the magnetic objective lens 
M.O. where the first magnified image is formed and then the magne¬ 
tic eye-piece or projector lens M.E. where a second enlarged image of 

a p ° rtlon °f the first image is produced. This image is received 
either on a fluorescent screen S where it is made visible by scintilla- 

marion+ r lre ? ° r ° n . a f u *tahle photographic plate for a per- 

manent record of the magnified image. The method of focusing con- 

sists in altering the intensity of the magnetic fields in the coils until 

a sharp image is obtained on the fluorescent screen. The observer 

S kl ," g at the sc / e ® n , , s ® 69 “<>t the object but its magnified shadow. 
+ . . ,P 0 light by a beam of electrons makes it necessary 

. e , ins . should be worked in high vacuum. Due to 

certain physical limitations which the present state of technique has 

comp e e y solved, the instrument is capable of seeing directly 
par ic es on y about 20 times smaller than that of the very best 
optical microscope although the magnification can be enhanced about 
5 times more by photographic enlarging methods. 

, , . fhe electron microscope, in principle, however, permits one to 
ain muc higher magnification by using several stages of the elec- 
r Ji* if nses * anc * instruments with a magnifying power of one million 
an ence capable of photographing in detail particles 1000 times 
sma er ian is possible with the ordinary microscope are actually 
being constructed, in spite of the great expenses involved. The 
electron microscope has another advantage inherent to the electron 

enses t viz., o giving a great depth of focus, which allows one to get 
magnification in three dimensions. 

The first transmission type two stage magnetic electron micro- 
scope was uilt by Ruska in 1934 which has served as the prototype 
o a similar instruments that have been constructed since. Improve- 
men ® ma ^e continually by workers in many countries, and a 

very g egree of perfection has been reached in modern designs. 

lemens o., Berlin, patented in 1938 an electron microscope of 
Kuska type which has a resolving power of 500 A°, four times greater 
than the optical immersion ultra-violet light microscope (2000 A°) ; 
the objective and projector lenses have focal lengths of the order of 
o mm., the operating voltage ranges from 10 to 100 KV and the over¬ 
all magnification is about 10,000. The University of Toronto, under 
e irection oi Burton and ICohl, constructed a nc’Clgnetic electron 
microscope in 1939, which has an operating voltage bf 45 KV, resol- 

° f ? bout 200 A ° and magnification of about 20,000. In 

in Cr - ° i ? 1 Ctron microsco pe with many improvements was put 
in operation m the same University 
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A simple electrostatic electron microscope w 
market by the General Electric Company in 1943 

ratively small in size, resolving __ 

power about 200 A 0 , operating * 

voltage 35 KV, and total magni- 


100 KV Metrovick electron microscope 


Uses of the electron 

scientific nature have mad(e 



z »nc oxido smoko particlo 

0* L. PooijiEij 


microscope. Few developments of 
a place for themselves so readily in 
science and industry as the electron 
microscope. Owing to the high order 
of magnification, great resolving power 
and increased depth of focus obtained 
with it, many fields of modern research 
in industry, medicine and study of 
atomic structure have found it an 
indispensable asset. 

Among,, industrial 'problems that 
have been studied with the help of this 
microscope are the structure of textile 
fibres, purification of lubricating oils, 
composition of paper and paints, surface 
of metals, plastics.synthetic chemicals. 

In the field of medicine a'nd patho¬ 
logy the success of the instrument in the 


THE BEGINNINGS OF ATOMIC PHYSICS 


0*7 7 

study of viruses has been great, since these disease-causing agents 
are beyond the range of the ordinary microscope. A knowledge of 
their structure is sure to go a long way in their destruction. Also 
the organisms called bacteria are shown in greater detail under the 
electron microscope. Colloids, insecticides, etc. where the individual 
particles are too small to be identified with the ordinary microscope 
are now open to study and analysis. 

In investigations of atomic structure the range of the instrument 
has been increased many times with the use of an electron diffraction 
unit, which permits to get a pattern of the atom, as a set of concen¬ 
tric circles, some sharp and others diffuse. From such patterns the 
constituents of the atoms in the material can be determined so that 
the crystal structure can be identified and analysed. 

Hence it is difficult to think of any branch of human knowledge 
that will not benefit from the use of the electron microscope. 

Some of the actual disadvantages of the electron microscope, 
which have to be eliminated by further research, are : — 

(1) All specimens have to be in a high vacuum and consequent¬ 
ly will have to undergo changes caused by drying and evacuation. 

(2) The intense electron beam acting for a considerable length 
of time destroys the specimen in many cases. 

(3) As the electron beam is unable to penetrate through a 
metallic surface, study of metals has to be carried out by an indirect 
‘‘replica method” in which a very thin film replica of the surface is 
made and analysed with the instrument. 

In spite of these drawbacks, the electron microscope, on 
account of its inherent high resolving power and great depth of 
focus, has proved itself far superior to its optical counterpart and 
gives promise of striking developments in the near future. 

Proton microscope. In this connection it may be mentioned 
that in 1947 some French scientists conceived the idea of a proton 
microscope , (where protons, i.e. f bare hydrogen nuclei, are substituted 
in the place of electrons), which would give magnifications much 
greater than those of the electron microscope, since the wavelength 
associated with a particle decreases as the mass increases and the 
proton is nearly 2,000 times greater in mass than the electron. 
Claude Magnan and Paul Chanson of the College de France, in Paris, 
have already completed a first model of the proton microscope aHd 
are now at work on a second one which is intended to magnify 
600,000 times. In America, Prof. Muller has set up a similar instrU' 
ment which has a resolving power of one hundred millionth of an 
inch, which is fine enough to show details of the arrangement of 
atoms in a crystal. A million times magnification seems theoretically 
attainable. As usually happens, the greater magnification has to be 
paid for in the loss of some other advantage. In this case, the 
power of penetration of protons is so low that the microscope cannot 
be used to examine objects by transmission, reflection at a grazing 
angle alone being possible. 


CHAPTER III 


Positive Rays 

Introduction. We have seen that the positive rays are con¬ 
stituted by positive ions in motion, while positive ions themselves 
are simply atoms which have lost one or more electrons due to the 
ionisation of the gas in the discharge tube ( cf . p. 26). Since the 
mass of the electron is very small, the mass of the positive ion will 
be almost equal to the mass of the atom* The positive ions will, in 
consequence, be able to give direct information as to the masses of 
individual atoms. Hence the determination of the mass of the posi¬ 
tive ion with great precision using the positive rays is of great im¬ 
portance. 

Additional interest is attached to positive ray analysis, as it 
has been able to settle decisively between a clash of opinions among 

scientists regarding the problem 
whether all the atoms of any one 
chemical element are identical in 
all respects including their mass. 
Dalton, the founder of the atomic 
theory, (1808), thought that the 
various laws of chemical combina¬ 
tion could be readily explained by 
supposing that each element con¬ 
sisted of identical atoms. Prout, 
on the other hand, with the very 
enticing idea of building all ele¬ 
ments from a single primordial ele¬ 
ment, hydrogen, and of expressing 
the atomic weights of different ele¬ 
ments by integral multiples of that 
of hydrogen, taken as unity, 
suggested in 1815 that the atoms of 
a given element need not be iden¬ 
tical in mass and that the chemical 
•atomic weight of an element is only an average value of the different 
weights of the atoms of that element. Careful determinations of 
atomic weights, however, showed that the atomic weights of many 
elements were not whole number multiples relative to that of hydro¬ 
gen. Prout’s hypothesis was therefore discarded for some time in 
avour of Dalton’s. But with the discovery of natural radioactivity 
towards the end of the 19th century and the study of the radio¬ 
active elements produced in the process, sufficient experimental 
evidence was available to support Prout’s idea that the atoms of an 
emen ^ need not be identical in mass. As a matter of fact several 
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elements were found in the radioactive series having identical pro¬ 
perties but different atomic weights and the name of isotopes 
(isos same, topos = place) was given to them, since they would 
occupy the same place in the periodic classification according to 
chemical properties. Efforts were then renewed to find whether 
atomic masses could be represented by whole numbers and whether 
there were isotopes among the non-radioactiv 9 elements also. It was 
at this point the positive ray analysis entered the field with a definite 

solution of the problem in favour of the “whole number rule” and 
isotopic constitution of elements. 

J. J. Thomson initiated this line of research in the year 1911 
by his classical experiments on the electric and magnetic deflection 
of positive rays, ordinarily known as the parabola method of positive 
ray analysis. Aston, at the Cavendish Laboratory,• Cambridge, 
took over the problem from Thomson, considerably improved the 
technique of Thomson and produced in 1919 the first of an extreme¬ 
ly refine apparatus, known as the “mass spectrograph” for positive 
ray analysis and study of isotopes. For years he was the unique 
worker in the field, until Dempster, Da inbridge and others brought 
in new improvements to the mass spectrograph, so that today the 
isotopic constitution of elements as well as the masses of single iso¬ 
topes can. be determined with extremely great precision. 

The mass spectrograph, which derives its name from the optical 
analogue,, is a veritable atomic balance designed to separate the 
different isotopes of an element and measure their individual masses 
as well as their relative abundances. By the use of electric and 
magnetic fields this instrument separates ions of different (e/M) 
values, where e is the fundamental charge and M the mass of the 
ion. Positive ions having a common (e/M) but differing in direction 
and velocity within certain limits are brought to a common focus. A 
variety of focusing schemes has been utilised, some resulting in 
velocity focusing, others in direction focusing ; still others aimed 
directly at &rhievmg a linear mass scale. So much success has atten¬ 
ded these efforts that the conquests yet to be made are few. Aston 
has had a giant share in this laborious and delicate work till his 
death m 1946. As aresult, it is now established that (t) the different 
isotopes of any element have different masses, though identical in 
j P ro P er kies, an d enter into the composition of the element in 
different proportions and (ii) practically in every case the masses of 
single isotopes deviate slightly from the whole number rule, which 
fact has led to fundamental discoveries of great importance concern¬ 
ing the intimate structure of the atom. 

The aim of this chapter is to recount briefly how these interest- 
ing- results have been obtained with the help" of the positive rays. 
We shall first describe the different instruments designed by the 
_jfferent workers, starting from the pioneer experiment of J. J. 
Thomson and proceeding to the mass spectrographs with their pro¬ 
gressively improved technique. We shall then collect the important 
results of these researches as regards the isotopic constitution of 
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elements, determination of the masses and relative abundances of 
isotopes, separation of isotopes, etc. 

Sources of positive rays. The analysis of positive rays 
with a high degree of precision requires a specially designed suitable 
source producing an intense beam of such rays. Several methods are 

employed to secure this, depending on the nature of the substance 
under test. 


(i) The ordinar} 7 spherical glass bulb discharge tube was first 
used by Aston as a very decent source of positive rays, chiefly in the 
case of elements which could be conveniently had in the gaseous or 
vapour form. It had a concave aluminium plate perforated at the 
centre for the cathode, an aluminium wire in a side tube for the 
anode and a silica bulb mounted at the end opposite to the cathode 
in order to prevent the intense beam of cathode rays from striking 
the walls of the discharge tube and melting them away. The gas 
under investigation was introduced into the discharge tube through 
a narrow annular space near the cathode. The discharge was main¬ 
tained by a powerful induct ion coil, the special shape and position 
of the electrodes making the bulb act as its own rectifier. The 
arrangement worked smoothly at current values of 0-5 to 1 milliam- 
pere and potentials of 20,000 to 50,000 volts. 


The Rpherical discharge tube 
by the following modifications. 



l ig. 101. Source of positi ve my8. 


was perfected later hy Aston 
The cathode C was a solid 
hemisphere of aluminium, 
one inch in diameter, drilled 
with a hole of about 3 
rums, and shaped to a 
special curved form in front 
as shown in Fig. 301. This 
lorm although slightly less 
efficient was preferred to 
the concave plate type of 
cathode, because it was 
found to be less sensitive to 


i . . . icon L< 

change in position and did not require a special anti-cathode to dis 

rays were given 

tt trom the specially shaped cathode in two groups, a diffuse wide 

c ne striking the walls at ED and a much more intense beem emerg- 
ing rom the cathode cavity as a cone FG, the energy of which was 
ssipa e( in the long cylindrical portion of the bulb which tapered 
A11Q ^ er ”? 1 J n . a ^ etl 111 tlie anode A. The substance under test, if gase- 
r vapour pressure, was admitted into the tube through 

_ e S asa cak behind the cathode. Materials of low vapour pres* 
h «r re introduced through a small stop-cock. Solids with high 

a vprH#»?i > * n u "n? 1 * 6 * n a glass bucket B and lowered through 

bv tKft 11 e ^ into the anode neck, wdiere they were vaporized 

fmhArinoi ? i ^ 10 ^ a ' t ^ oc ^ e rays. These improvements made th< 

isc large tube produce a highly concentrated beam 

15 
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positive rays at sufficiently low pressures, provided the cathode was 
properly set. The arrangement could be worked at 1 milliampere 
and 40,000 volts for a long period of time', without any artificial 
cooling of the bulb being required. Aston used this type of source 

of positive rays for practically the whole of his researches on mass 
spectra, with excellent results. 

(2) Cylindrical discharge, tubes with the end opposite to the 
cathode tapering (meant to dissipate the energy of the cathode rays) 
and the anode in a side tube, have also been used in the case of 
gaseous substances, chiefly in the early researches, by Goldstein, 
Thomson and others. They give a very good concentration of 
positive rays at the central hole of the cathode, much better than the 
spherical bulb type, chiefly at higher pressures and so. is very 
effective for many kinds of research. In the actual working, how¬ 
ever, instead of a solid beam, onty a hollow' cone of positive rays is 
obtained, further, the adjustment of the tube for optimum working 
is very laborious and difficult, but when once this is secured, the 
arrangement functions very satisfactorily for a considerable time. 

(3) When the substances under investigation can be obtained 
only in solid form not readily raporisable,- as the majority of metallic 
elements, the technique described above is unsuitable. Other devices 
have therefore been employed where the substance is placed in some 
form or other in the anode, which itself produces the required 
positive rays. On account of this fact, the positive rays obtained 
are known as anode rays . Two distinct techniques, known as the hot 
anode and the composite anode , are in use. 

The *‘hot anode ” method consists in using for the anode a 
platinum strip which is coated with a salt of the metal under study 
and electrically heated. This anode is mounted close to the cathode 
about 1 cm. away, just in front of the perforation in the cathode. 
Heating the anode to a dull red heat and establishing the discharge 
with a large induction coil and a ratifying valve with a steady 
current value of 1 to 2 milliamperes at 20,000 volts, with the tube 
highly exhausted, a good stream of anode rays is produced. Owing 
to the very low pressure the rays are not visible, but could be in¬ 
ferred from the scintillations they produce at the cathode. Study 
of the mechanism of the production of positive rays by the hot anode 
has revealed that they originate not from the surface of the salt but 
from that of the platinum strip. A great drawback of this method 
is that the salt disappears very rapidly, so that it has to be replaced 
frequently. This method has been used with some success by G.P. 
Thomson and Dempster for obtaining the anode rays of alkali 
metals. 

V m . 

In the “composite anode ” method a paste made with graphite 
and a salt of the element understudy is pressed into a hole drilled in 
the end of a small steel cylinder and the composite surface thus 
formed is used as the anode, which is automatically heated by the 
discharge itself, a concentrated beam of cathode rays from a concave- 
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into^. ht th0de r falll j g ° n ik ‘ This arran g em ent produces a highly 

raS l btl! r? e /T- A 8 P ecialit y of this method is that the 
ofa er , at ® d after Production by a high P.D. with the aid 

duction de and a kenotron - Th « mechanism of the pro- 

t he act'll P ° 8 'V. Ve FayS “ this device is not easiJ y understood, since 
,,. <,,J ' 1 "8 la often capricious and unaccountable. The 

eTments Ten® S. be “*? bIe of wide application to metallic 

obtained onlv in * " th n attcr are not *} ui te pure or could be 
mtameci only , n very small quantities such as the rare earths. 

THOMSON’S PARABOLA METHOD OF POSITIVE 

KAY ANALYSIS 

in theTw°™-‘ J h ° P J in , ciple of the method is similar to that used 

—*"»• * essentially i„ 

efffc. m a“ d regi, “™ 8 ,h ” 

« it. its* vfloofty Hi ' e i0 " in * he b “ m ' iet M ^ 1,6 

plate at a pointTn^line w?th H*’ t ! ie l* 0 ! 1 strike the photographic 

dtiftr u"Kr„?"h?SL a t J ." f “'r g ‘ h ? " * " ,rM ‘- r ‘ l»rp«n<li. 

length of its nath The • a f*. acts , on t,le ion chosen for a certain 
field will no longer strike the nh^ defl ® ctcd in the direction of the 
spot but at a certain distant P ^ ® rapklc pla-te at the undeflected 
follows : J n dlStanCe * from which can be estimated as 

field, and t the 1 tim^ofits'^tm 16 Vf the ion acted u P on by the 

The displacement/of the £ T* throu 8 hthe field. Then t = l/v. 

of the field during the time /^s r °™ >tS , stra *^bt path in the direction 

aeolcreliun tapiSJ w“e V * * * “ th « 
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.Alter leaving the fir»M ; 7 

strikes the plate at a point di^n 1 ? 0 ^ 8 10 ^ strai g ,lt bne and finally 

»s evidently proportional to * «!, 1 * from tl,e undeflected spot which 

field and the plate Hence w ' V6 a ? fco the distance between the 

nence we may write 

y _ K * 

'vhere K is *** (^) 

plate from the field* d ^ nu P on thejpath l, the distance of the 
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Next, having removed the electric field, let a magnetic field of 
intensity H, acting in the same direction as that of the previous 
electric field and hence perpendicular to the initial direction of the 
ionic beam, be applied. The positive ion chosen will he deflected by 
this field in a direction at right angles to both the direction of the 
field and its own original direction and will strike the photographic 
plate at a distance y from the undeflected spot, along a line perpendi¬ 
cular to that which contained x in the previous case. 

If V be the length of the path for which the ion is subjected to 
the magnetic field and V the time of travel in the field, t* — V/v. The 
displacement s’ of the ion due to the magnetic field during this time 
is given by s’ = J / 2 a' t' 2 , where a' is the acceleration acquired by 
the ion. 


Now 


* 



Her 

M 

I Hev_ ( V \» 

~2 M \ IT J 


On emerging from the field the ion moves in a straight line and final¬ 
ly strikes the plate at a point distant y from the undeflected spot, 
given by 



where K' is a constant depending on the length of the path V the 
distance of the plate from the field, etc. 


When both the electric and magnetic fields acting in parallel 
directions are applied simultaneously , the resultant displacement of 
the spot on the plate will be given by the co-ordinates of (x, y) 
measured with the undeflected spot as origin. 


From equations (1) and (2), we get 
y m He Mt; 2 K' 


K' 


and 


x 

t 
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‘ Mv * K.Xe ~~ K 


= K ' 2 . 
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K ' 2 
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v 

H 2 
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e 

M 


...(3) 
...(4) 

It is evident from relation (4) that for a given value of e/M, 
j x i s a constant since K, K', H and X are constant. 

•*- p 1 

parabolaf. 


px , where p is a constant. This is the equation for a 

From relation (3) we see that yjx is proportional to v which 
neans that if the velocity v of the ion be varied, it will strike the 
flate at different points on the parabola ; the greater the value of v 
he less will be the deflection produced and the closer the point to 

he origin. 
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Hence the locus of impact on the plate of all the ions, which 
have the same e/M but move with different velocities will be .a para- 
bola, so that a parabola will be traced on the plate in this case. 
The value of e/M can be found by measuring the co-ordinates of this 
parabolic trace and using them along with the known values of K, 
K', X and H in the relation : 

e if K X 
M “ aT K ' 2 ’ H= 

In a beam of positive rays il there are ions of different masses 
but with the same charge, different parabolas will be traced. But 
ions having the same mass but different charges will also produce 
different parabolas. Careful analysis, however, of the pa rabolic 
traces enables one to see whether the different parabolas are due to 
< iiference in mass or in charge. When a photographic record is 
° ined on which one can identify at least one parabola as being 
associated with ions of known mass, all the other parabolas can be 
compared with this one and their masses deduced, care being taken 
? ^fonguish the effect due to multi pie charges. From this simple 

eory we see why the method is called the parabola method of 
positive ray analysis. 

The apparatus used by Thomson is shown dia- 
matica ly in Fig. 102. The discharge tube in which the positive 



I lg. 102. ‘Thomson’s apparatus for positive ray analysis. 

w “as! ■ >ier “ d ** *■». —*» “ f r ;„w 

mum rod, generally placed for convenient it * J A * C t a , luml ' 
ensure the mmnlv .Au „V convenience in a side tube. In order to 

ed to flow in through n. o!? .® Un ^ er J es ^; a steady stream of it is allow- 
pumped off at F ftv i P 1 . ar ^ E and after circulating in A is 

sure in thf diLharl y t,?,hi U f ng -^ e Sp , eed of the P um P- «>• pres- 
arranged so thaf r rnain tajned at any desired value, usually 

Undefthis hied , oten t i a Tt ar f P ° tential is 30 > 00 <> 50,000 volts^ 

those fallinaaxfadv nJ S*! 1 * 7 * ,ly towards the cathode and 
narrow beam. ” ^ P through the fine tube, emerging as a 
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This beam is subjected to parallel electric and magnetic fields 
simultaneously by the following device. Two soft iron pieces PP 

placed between the poles MM of a powerful electro¬ 
magnet and electrically insulated from it by thin 
sheets of mica NN constitute at the same time 
the pole pieces of the magnet and the means of 
establishing an electrostatic field. By raising PP 
to any desired potential difference with the leads 
shown in the figure the deflecting electric field is 
obtained in the narrow gap on the path of positive 
rays. The deflecting magnetic field can be estab¬ 
lished in the same gap since PP form also the 
pole-pieces of the electromagnet. Thus electric 
and magnetic fields, parallel to each other, and per¬ 
pendicular to the path of the rays can be made to 
act on the beam of positive ions. After passing 
through these fields the beam enters a highly eva¬ 
cuated camera G and is received on a photogra¬ 
ph ic plate H. Owing to the very fine bore and 
length of the brass tube at the cathode, diffusion 
of gas is greatly prevented from the discharge tube 
to the camera, and the latter can therefore be maintained at a very 
low pressure by continuous pumping through charcoal immersed 
in liquid air at T, in spite of the relatively high pressure in the dis¬ 
charge tube A. This precaution is necessary, since the positive 
beam should not be disturbed by collisions with the molecules of the 
residual gases in the camera. In order that stray magnetic fields may 
not interfere with the discharge, shields of^oft iron II are interposed 
between the magnet and the discharge tube. The photographic 
plate when developed show's a series of parabolas as in the above 
photo, from which the masses of the positive ions that traced them 
can be determined. 

Analysis of tlie parabolic traces. In all experiments f unless 
very special precautions are taken, sufficient amount of hydrogen is 
always present to give a parabola 
on the plate. The hydrogen 
parabola is therefore taken as a 
standard, from which the masses 
of the ions of other gases intro¬ 
duced in the discharge tube for 
analysis are calculated in terms 
of the mass of hydrogen as 
follow's :—Let the parabola corres¬ 
ponding to hydrogen ions of mass 
M be AB, while the ions of un¬ 
known mass M' but of the same 
charge as the hydrogen ions pro¬ 
duce the parabola CD (Fig. 103). 

Since hydrogen is the lightest 
element, M' will be greater than 


Y 



traces. 



Positive ray 
Parabolas 
{J.J. Thomson) 
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M in the case of all other gases, and the parabola CD must lie lower 
than AB as the magnetic displacement is less for heavier particles. 

A vertical line from OX such as PA is drawn to cut the parabolas. 
Since 


e/M 


y~jx 


e/M' 


y' 2 /x 


— or 


M' 

W 


V 


PA- 


y 


'2 


measuring PA and PC, M' can be found in terms of M. The line OX 
cannot actually be identified in the plate and hence in practice the 
magnetic lie id is reversed after half the exposure resulting in a pair 
of mirror image curves EF and GH. Since 


PA = 2^ and PC = 


EC M' 


GA\ 2 


2 


M 


and GA and EC can be readily measured on the plate. Thus the 
unknown mass M' of any positive ion can be determined in terms of 
the mass M of the standard hydrogen ion. 

i/ c 

Effect d ue to multiple charges. We have assumed above that 
the ions whose mass is iound by comparison with that of hydrogen 
have the same charge as that of hydrogen ion, hence singly ionised, 
t.e., formed by the atoms that have lost one electron. Frequently, 
however, more than one electron are torn off from an atom in the 
electric discharge, a multiply ionised particle being created. Such a 
particle has a charge which is some integral multiple of e and will 
therefore suffer deflections different from those of a singly ionised 
. _ __ e same mass. Considering a doubly charged particle 

its deflections will he proportional to 2e/M, t.e , the same as those 

ft particle of a charge e and mass M/2. For instance, 
in e cast of oxygen the parabola due to the singly ioyised oxygen 
a oms o mass 16 is always accompanied by a weaker parabola in the 

atoms° n k (> mass 8, due to doubly ionised oxygen 

q ^bzplayiation of the fact that no parabola passes through the origin 
. e va ue of the displacement x due to the electric field is 
ij I^r°portional to the kinetic energy of the constituent ions 

U thi u' t^° W thcf : e i0l * s ca n only acquire energy up to eV, where V 
the n^K . aCr ? SS the Discharge tybe which is not infinite. Hence 
Mon i ^ >0 ‘, LS ( ue to ^ 1PSe 1<>ns ^iU not pass through the origin but 

energy available a cer ^ a ^ n va ^ ue °1 z corresponding to the maximum 

indicated Parabolic traces on the left-hand side of the plate , 

of the inno ^ j e c °tted curves, are due to the following cause. 8om« 
and cantnio l0ir 'passage through the pierced cathode collide with 
quence thftv e op Tons and become nagatively charged. In conse- 
the normalL!^ deflections in the opposite quadrants to those of 

elements such ns c/o cf a ete are usua,ly found with electronegative 
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several gases, such as H^O^Co'^^Ta thlS method in **>® case of 
following results *_ "* 2 ’ » C0 2 , Ne, etc., and obtained the 

experiments he obt-fned^ ^° gen f ° n ‘ Using hydrogen in his first 

gen ion, on the 

Y 7 ^ V- 



X 


Ml 

X 


M ~ K' 2 ’ H L 

metry n of ^he °L^ *W &ra } u * W 2 was evaluated from the geo- 

determined fron!\hT plrtbollf 0 ^. 8pos J} io " of the fi ® lds = S' 4 /* was 

perfect agreement with th^ r Th f. value found was 9,571 e.m.u. in 

lysis. This proved c^aWv that tf f ° rthe hydroge ;\ io " s in electro- 
of hvdrogen atoms f 7 hat. the positive rays of hydrogen consist 

removed. 8 Moreover ° m e ^ C *! °f wliich a single electron has been 
ions was ever f, ’ no parabola due to multiply ionised hydrogen 

electron to lose the’ h vdfo^"^ th r hydrogon aton ? ,las onl y tme 
of vroton *u ^ ro « en ,on thus formed has received the name 

whose value r° he - h >. dro g c *‘ ion carries only one positive charge 
stituting the known"™! 7 equ f al .f® the fundamental charge e, sub¬ 
calculated •_ k value of tllIS constant in e/M, M can lie 


e = 


e/M = 
M = 


1*59 x 10" 20 e. m. u. 
9571 e. m. u. 

1-59 x lO-M 


✓ 


9571 


1'66 x 10" 24 gram. 


2 Viable chemical information. The masses of the positive 
y are atomic or molecular masses. By measuring these with the 
e P ot the parabolic traces certain interesting chemical information 
could be obtained. Thus, for instance, if a hydrocarbon, such as 
methane, is introduced for analysis in the apparatus, parabolas are 

°V ly 1,6 infcer P r,Jted as bein g due to compounds 
c.n,UH 2 otl 3 . tlther chemically unstable compounds such as NH OH 

etc. can also be observed, suggesting that these molecules can exist 
tor a definite short period in the discharge tube. 

,p. (3) Discovery of stable isotopes. Using neon in his apparatus, 

homson obtained two parabolas, a strong one corresponding 

99 a mT* 88 ~ and a nlucb weaker one corresponding to a mass 
i Th ® ^tensity ratio of the two traces was 9/1 which was 
a Mays e same under all conditions of discharge and pressure. 

ese experimental facts strongly suggested that neon could exist in 
wo orms, chemically indistinguishable, but with different masses 
_u and _ 2 . J he ordinary chemical.atomic weight 20-2 is simply the 
weighted mean of the masses of these two types of atoms, since 
ing into consideration the relative abundances of the two types 
o atoms, vie. 9:1, the statistical mean is 

20 x 9 + 22 x 1 

To 


20 - 2 . 


MASS SPECTROGRAPH 



The chemical element neon should therefore be a mixture 
of the two kinds of atoms of masses 20 and 22, which, having iden¬ 
tical chemical properties, could not be separated by ordinary chemical 
means. The atomic weight of neon determined by chemical 
methods would be the statistical mean of the masses of the two kinds 
•of atoms. In other words, neon should be made up of two isotopes 
of masses 20 and 22, This was the first evidence of the existence of 
stable isotopes. Aston and G. P. Thomson, working with lithium, 
obtained also two parabolas corresponding to masses 6 and 7, the 
intensity ratio of the two traces being about 1/10. Calculating the 
weighted mean from these data the value obtained was in close 
agreement with the chemical atomic weight 6 94. G. P. Thomson 
also examined several light elements by this method. 

Limitations of the parabola method, (a) It is not a 

method of precision, since many rays are lost by collision in the 
narrow tube, which canalises the beam so that the total intensity 
available for photography is very much reduced. This state of 
affairs is made worse by the spreading out of the beam into a para¬ 
bola. (6) The traces on the photographic plate are blurred with no 
definite edges, and hence not suited for accurate measurements, 
(c) The i nfluence of secondary rays makes analysis difficult. As the 
pressure in the apparatus, though as low as possible, is never entirely 
negligible, the positive ions under test may make collisions and so 
gain or lose electrons while passing through the deflecting fields. This 
results in what Thomson called *‘secondary rays”, which may be of 
a great mauy types —some appear on the plate as a general fog, others 
as straight beams ; others even as parabolas which may be mistaken 
for the genuine ones, unless special precautions are taken. 

In spite of these drawbacks the parabola method gave clear 
indications of the existence of isotopes. It therefore became necessary 
to establish this point beyond doubt by more refined methods, which 
would be able to prove, in a decisive manner that, for instance, the 
main parabola in the case of neon corresponded really to a mass 20 
and not 20*2, since then alone it would follow that the weaker para¬ 
bola was truly due to an isotope of mass 22. This was achieved by 
the mass spectrographs, whose study we shall now take up. 

ASTON’S MASS SPECTROGRAPH 

Principle. The main principle of the method consists in 
a PP y 11 jg the electric and magnetic fields not simultaneously and in 
para el directions as 1 homson did, but successively, first the electric 
e ( ai jd then the magnetic field, their directions being at right angles 
0 other, so that the electric field produces a dispersion of the 

posi ive rays with respect to velocity, while the magnetic field brings 
o a ocus the dispersed rays. This modified technique resulted first 
i- ff . secur,n ® greater dispersion of the ionic beam according to the 
. e ^ cn ^ velocities of the ions than was possible in Thomson’s appa- 
us, and secondly, in bringing all ions with a given value for e/M to 
mon focus, instead of spreading them into a parabola, thereby 
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securing greater sensitivity, i.e., greater available intensity for photo¬ 
graphy Ihis in turn permitted the use of extremely fine' slits which 
enabled sharp lines to be obtained on the plate, unlike the blurred 

images of the previous method. The method may be called velocity 
Jocu&ing method . 

Theory. The theory of Aston’s experimental technique is 
easily understood with the help of the diagram (Fig. 104)/ Positive 



1 * J Jk -■ _ pass through two parallel 

narrow slits A and B where they are collimated to a very fine beam. 

This beam is subjected to an electric field of a given intensity X 

maintained between the plates C and D. The electric field not onlv 

deflects the beam as a whole toAvards the negative electrode D, but 

also disperses it through a certain angle. The reason for such a 

dispersion is that since the beam contains ions moving with different 

velocities, the more swiftly moving ions remaining for a shorter time 

under the influence of the field w ill be deflected less than the slower 

ones taking a longer time to traverse the field Thus the beam is spread 

out into an electric spectrum according to the different velocities. 

he divergent beam limited b # y a slit S next enters a magnetic field 

acting at rigjit angles to the plane of the figure, maintained between 

^ . pole-pieces M of an electromagnet. The magnetic field is of 

intensity H and of such sign as to bend the beam in a direc- 

tion opposite to that caused by the electric field ; it will not only 

deflect the beam but also render it convergent, the more slowly 

moving ions being deflected more than the faster ones. Hence, when 

the ionic beam emerges from the magnetic field it is converging in 

such a way that it can be brought to a focus at some point L. The 

condition required for such a focusing may be derived as follows :_ 

„ /iS e I ec ^ n ^ ^ rom beam a group of ions having the same value 
tor e/M but moving with different velocities, let 0 and <p be the mean 
angles of deviation of the chosen group in the electric and magnetic 
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fields respectively. Let dB be the dispersion angle due to the electric 
field and do the convergence angle due to the magnetic field. 

If s is the linear displacement of the ions and l the length of 
their path in the electric field, B = s j 1. 


But 


_ 1 Xe l 2 
S “ * M v 2 * 




i 

•) 


Xe 
Mi?* ’ 


Similarly if s' is the linear displacement and V the length of path of 
the ions in the magnetic field, cp — s' / 


But s' 


x Uev l’ 2 

*- "IT v * 



We may write 

e = c . • 

Mu*- 


. ... (1> 


9 = D . 

e 

Mi? 


... (2) 

where C and D are constants, depending 

on ■ 

the strength 

and distri- 

bution of the electric 

and magnetic fields. 



Differentiating 



e 

dv 

(l), dd = —: 

2C . 

— . dv = - 

Mi? 

-2 6 . — 

V 

• 

m • 

dB 

o dv 




e 

V 



Differentiating 

(2) similarly, 







e 

dv 


dep — — 

D . 

- ■ . dv = 

Mt’ 2 

— tp . — 

T V 

# 

• * 

d <p 

dv 




9 ~ 

V 



Hence 

d6 2 

dtp 


(3) 


e 

* 9 



Supposing that the two fields act as if concentrated at O and R, the 
former being the centre of the electric field, the virtual source from 
which the beam begins to diverge, and the latter the centre of the 
magnetic field from which the divergent beam begins to converge, let 

~ a and RL = 6, where L is the point at which the beam is 
brought to a focus. 


The width of the selected group at R is a.dd . If there had 
H ' en 11 ° magnetic field, the width of the group after it had travelled 
a further distance b would be (a + b)dB. As this divergence is 
annulled by the magnetic field acting at R so that the group comes 
to focus at L, distant 6 from R, the condition of focusing is given 


( a H~ 6) . dB = b . d<p 
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Or 


CL — f- J 

b 

b 


d 


9 


de 

26 


9 


a 


26 


i 


[from. eqn. 3] 
^ (4) 


9 — 26 _ 

Ifth/Eri," «T n, V swai8htlinedr ™ *»■» «» ■«. o 
^»lle h r» thelbo^e th d bea “ OR "l'”"' l ““” R a“u‘”? fal™ 

UK p&te*? £■■?}? »sL°o“ SL-5ffiT , ,iS3s; 

P plate HF placed along that line has the chance of recording iW' 

plate con mo f} c ° nv enient position for the photographic 
piate, considering equation (4), we see that 1 6 y 

infini/v ^ i^ ^ 7“ ^ P°»nt of focus will be at 

whichhs not practical 6 * * P at ® WiU haVe to be placed at infinit y> 

reasonable'T d, ..^ e point of focus is obtained at a 

SSZZXLt plata •“ ba « 

two fi 2r r ? f + and 9 , Iepend on the strengths and positions of the 

isreSSd h F tGrCanbe r SO arran ^ ed tha t the above condition 
is reahsed^ For purposes of construction a point G which makes 

on tl ,? 1 fl ; er r N 18 the / 00t 0f the perpendicular drawn from R 

straight line satisfying equation (4) is a convenient point of 

t * n>i _ e t V.^ e ! n ^ ^ere equal to 40. The photographic plate con¬ 
taining this point G will not only receive the trace of the selected 
group o ions o the same e/M value, but also be in fair focus for 
ions ot different values of e/M over a range large enough for accurate 

C r^^? nSOn ^P 38,3808 * so that if the positive ion beam contains ions 
of different e/M values the plate will record a number of line traces, 

ea ™ 0136 °f- thera corresponding to the ions of a particular value of 
e/M. In this way elements can be analysed as regards their isotopic 
constitution. Since the device produces mass dispersion analogous 
to wavelength dispersion of an optical spectrograph it is called the 
mass spectrograph. 


Apparatus. The first apparatus built by Aston in 1919 had a 
resolving power of 130 and an accuracy of 1 part in 1,000. In order 
to obtain a greater resolution and precision he redesigned and 

improved his apparatus in 1927, the chief details of which may be 

briefly stated as follows The width of the slits A and B was *02 
mm. and the distance between them 20 cms. With this a fine beam 
of 2 x 10-4 radian was obtained. The plates C and D between 
m hich the electric field was established were curved in an arc of 
radius 30 cms. They were 5 cms. long and 125 mm. apart A 
maximum P.D. of 400 volts was applied to them, which was sufficient 
to deviate the beam of ions of 40 kilovolts through an angle 6 =10°. 
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The pole-pieces of the electromagnet were rectangular (5 x 15 cins.L 
the interspace being 3 mm. so that a field of 10,000 gauss could be 
obtained. The radius of curvature of the beam in the magnetic 
field was on an average 22-5 cms. The photographic plate was 15 
cms. long, the traces obtained about 0*5 mm. in width. The resolv¬ 
ing power obtained with this apparatus was 600, and the accuracy 
of the order of 1 in 10,000. But it had the following limitations :-L 
(a) The mass scale was not linear, though it was approximately so 
when 9 = 4 6. ( b ) Asymmetric images were obtained which rendered 
accurate measurements difficult, (c) Owing to the polarisation of 
the electrodes of the electric field the form of the trace was not quite 
straight but slightly curved. 


Analysis of the traces. We shall now see how the e/M values 
can be determined from the traces obtained on the photographic 
plate. Aston, investigating the relation between the position of the 
trace and the e/M value corresponding to it, found that e/M was 
proportional to the distance of the traces from a fixed point on the 
plate called the ‘fiducial spot” which has to be at a fixed distance 
from N, the foot of the perpendicular drawn from R, the centre of 
llu j magnetic field, on the line along which the plate was placed. 
Unfortunately this proportionality was not linear, although it was 
nearly so when 9 was equal to 40. Further the determination of the 

fiducial spot involved an exact knowledge of the geometry of the 

apparatus as well as the values of the electric and magnetic fields, 
which were not easily determined with great accuracy 0 Hence, in 
practice, Aston had recourse to the following empirical methods of 
precision , which did not depend on the factors stated above. 


( 1 ) Direct method. Substances whose masses are known, at least 
to the order of accuracy aimed at, are mixed with elements whose 
isotopes of unknown masses are to be determined and the traces of 

all ol them are obtained on the same photographic plate. The dis- 

no?nt S "V; 6 w 068 ° 7 he *T n ' )Wn ma33es aru measured from a given 
point on the plate and a calibration curve is drawn. The unknown 

ZTurvf *®. othe f r . « an be obtained by extrapolation from 

curve. This method is a direct one, whioh has the advantage of 

Zl f q T ng T accurat . e knowledge of the numerical values of the 

should r'Z'l rCqU19lte being that the experimental conditions 
suouia remain the same. 


follow! <1 th ° d cotnc \ dence - The principle of the method is a 

known’ mas« P M Se r W1Sh t0 com P are an unknown mass M' with .1 
such tha?th« ^ A t ma8s spectrum is/taken with fields X and H 
Plate Th« • ° f f rnaS ? M giv ° a trace at a certain position on the 
Xaratu ?°a , U 1 nknown ma88 a «*e next introduced in the 

tho corresnomP fie da altered to , X ' an d H' in order to obtain 

by the trace «f f 400 n* t hc same position as previously occupied 

ZBSrXZr"* ° f mass M ‘ Under 8uch conditions the path 
01 tne raj s m the two cases mnst be identical, so that 
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Also 


X 

X 



Since it is enough to alter one of the fields to secure the required 
condition, in practice, the magnetic field, which cannot be measured 
or reproduced accurately, is kept the same and the electric field 
adjusted to obtain coincidence. Then M'/M = X/X\ From the 
known values of X, X' and M, the value of M' can be deduced. 


In this method no knowledge, either theoretical or empirical, of 
the relation between ej M and measured displacement is required, nor 
any calibration curve, which is certainly an advantage. But the 
method has the following drawbacks :—(a) A small change in the 
value of the magnetic field, which is capable of fluctuating between 
the two exposures will lead to a definite error, (b) The disparity in 
intensity of the tw'o images might lead to practical difficulties. In 
spite ol these disadvantages, the method has formed the basis of 
other methods of precision, 

(3) Method of “ bracketing A very suitable one in the case of 
masses whose traces are very far removed from the ordinary reference 
lines. The main principle involved is the simultaneous analysis of 
ions differing in nature but having the same integral values of e/M. 
In this way two closely spaced photographic traces can be obtained, 
whose separation represents the mass difference of the two ions. 

grouping and comparing mass differences from such doublets, 
accurate values of the atomic masses have been obtained in the case 
of many light elements. For instance, 0 16+ (single ionised) and 
^ 2++ (doubly ionised) may thus be compared directly, since they have 
thp same values of e/M. A further modification of this method 
is illustrated in the following example. Considering deuterium (H 24 *) 
and single ionised helium (He+), the e/M values of these maybe 
assumed as 1:2. Using them in the \mass spectrograph three 
exposures are made, one for helium using a potential V for the electric 
field and two for deuterium using potentials (2V -+- v) and (2V — v), 
where v is a small quantity. The He + trace should lie exactly mid¬ 
way between the two H*+ traces if the ratio of the masses is exactly 
1 : 2. Any deviation from this ratio results in a small asymmetry 
which can be measured in terms of mass using a calibration curve. 

Determination of real mass from effective mass. The 

methods described above give only the effective masses, t.e., the e/M 
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values. To get at the real mass one should take into account. the 
degree of ionisation of the ions studied. A particle doubly ionised, 
i.e with 2 positive charges, lias an effective mass of only halt the 
real mass, a particle with three positive charges only one-third the 
real mass and so on. These apparent masses will duly make their 
appearance on the plate as traces corresponding to simple fractions 
oj the real mass causing them. Hence the nomenclature in use in 
the study of mass spectra, viz ., traces of the first order, second order, 
third order, etc. Most elements are capable of losing two elect i >ns, 
some three or even more ; mercury as many as eight electrons. 

Choice of the mass unit. As soon as it was iound, possible to 


measure the masses of atoms to a high degree of accuracy, it became 
necessary to decide upon a suitable unit of mass, The mass corres¬ 
ponding to ]/16th of the neutral oxygen atom 0 1G was taken as the 
unit and the masses of other atoms were expressed in terms of it. 
.Discovery of isotopes in oxygen of mass 16, 17 and 18 Caused diffi¬ 
culties to be raised against this unit. Other units ^hch as that of 
hydrogen, helium were tried without much success. 'The mass unit 
in terras of 0 16 is still retained on account of the many advantages it 
offers. 


Results. Aston with his mass spectrograph analysed the posi¬ 
tive rays from many different elements, gases and metals and 
measured the masses of over a hundred isotopes. The first analysis 
of heavy elements such as Hg, Pb, Mo, W, Os, Te, U, etc. were made 
by him. 

A very important result was the confirmation of the fact that 
there are definitely at least two isotopes in neon. For, he found with 
neon two clear traces corresponding to masses 20 and 22 and no 
trace whatever at 20*2, the atomic weight of neon. Measuring the 
relative intensity of the two traces, the relative abundance of the 
two isotopes was found to be in the ratio of 90*4 : 9*6. More precise 
measurements carried out at a later date showed neon to have three 
isotopes of masses 20, 21 and 22 with abundance ratios of 90 92, 
0*26 and 8*82% respectively The existence of isotopes was demon¬ 
strated not only in neon but in many other chemical elements, 
several of which w r ere found to have more than two isotopes. 

Another equally important discovery was that the masses of all 
* isotopes were very nearly whole numbers, when expressed in terms 
of the mass unit. This “whole number rule” is clearly of funda¬ 
mental importance as regards the intrinsic constitution of the atom. 
A striking example of this is chlorine, whose chemical atomic weight 
is 35*46 and hence not a w'hole number. The mass spectrum analysis 
of chlorine, however, show r s that it has two isotopes of massep 35 and 
37, with relative abundances of 76 : 24. 

A third result, the most important of all, was the existence of a 
slight but systematic departure from the whole number rule in prac¬ 
tically every case, which Aston found with increased precision in 
measurement. For example the exact masses obtained with the 
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nidbs spectrograph for some of the elements analysed, arbitrarily 
chosen here to illustrate the point, are : — 



He 4 

v 

LjS-"' 

O 16 

Cl 35 

Mo 98 

1 Hg 200 

1-00778 j 

4-00408 

601614 

I 

16 

34-9807 

97-946 

200016 


The interpretation of this fact in terms of a quantity known as 
the lass defect has been widely applied in many problems of 
Atomic Physics. 


DEMPSTER’S MASS SPECTROGRAPH 

Dempster at the Ryerson Physical Laboratory, Chicago, built 
in 1918 a mass spectrograph suitable for analysis of substances avail¬ 
able in the solid state, which he modified and improved in 1922. 

Principle. If the positive ions are all accelerated by the same 
P.D. and so possessed the same velocity and energy, a magnetic field 
alone w ill suffice to perform their analysis with regard to mass. It 
is supposed that the ions are generated with a velocity negligible 
compared with that produced by the accelerating potential. There¬ 
fore in this method there is only one deflecting agency, viz., the 
magnetic field, although an electric field is used to accelerate the 
ions. 


Apparatus. The experimental arrangement is shown schema¬ 
tically in Fig. 105. A metal cylinder A with its front surface C 

coated with a salt of the ele- 
\ ment under test and electri¬ 
cally heated serves as the 
anode. A filament//electri¬ 
cally heated by the battery 
B. emits electrons. Maintain¬ 
ing the filament at a P. D. of 
30 to ’ 60 vOlts with respect 
to A by means of another 
battery B a the electrons bom¬ 
bard the heated salt with the 
result that the anode emits 
positively charged ions of the 
element. These ions are colli¬ 
mated into a fine pencil by 
the slit S x and then acceler¬ 
ated towards the slit S 2 by 
means of a high adjustable 
P D. (800 to 2,000 volts) main¬ 
tained between S 2 and S 2 . On emerging from S 2 the ions accelerated 
j 'practically to the same velocity enter a uniform and strong magnetic 
field acting perpendicular to the plane of the paper, produced bet- 



Fig. 305. Dempster’s mass spectrogaph. 
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ween two semicircular iron pole-pieces of an electromagnet. Under 
the influence of this magnetic field the ions are swung round in a 
semi-circle towards the slit S 4 defined by the three slits S 2 , S 3 and S 4 . 
After passing through S 4 the ions fall upon the metal plate P which 
thus acquires a positive charge at a rate which can ho determined by 
connecting P to a quadrant electrometer E* In the later design the 
electrometer was replaced by a Wilson tilted gold leaf electroscope 
and a compensating arrangament. The positive current carried by 
the ions to the plate P was balanced by the negative ionisation 
current obtained from old radium emanation tubes and whose 
strength could be accurately determinedljthe electroscope serving 
merely to indicate when balance was obtained. 

Determination of the masses of isotopes. Let V be the 

accelerating P.D. between and S 2 , H intensity of the magnetic 
field and r the radius of curvature of the circular path of the ionic 
beam in the magnetic field defined by the slits S 2f S 3 and S 4 .' 

Neglecting the small initial differences of energy of the ions 
arising in the process of their production, the energy of an ion of 
mass M, charge e and velocity v t which it lias in common with 
all the ions in the "beam as it enters the magnetic field, is given by 


i Mu 2 = ev 


• * * 


l A 7 


The action of the magnetic field on the ion is expressed by the well 
known relation : . 

* # 

k » 2 


Hev = 


-• (2) 


From (2) 


v 


M 


Hr 


Eliminating v t using (1) and (2), 

/ tt Mv* 

Hev = - 

r 

2V 

U~r 

— — 2V 
M H 2 r 2 


2eV 


v = 


• * 


• * * 


( 3 ) 


1 iom this expression we see that, in order to bring ions of differ¬ 
ent masses to the slit S 4 , either the potential V or the intensity of the 
magnetic field H may be altered, since r is a constant quantity. In 
prac ice, H cannot be conveniently measured ; so it is kept constant 

i If the ionic current I reaching the plate P as measured by the 
ec rometer or by the compensation method be plotted against V, 
curve is o tained showing sharp maxima, each of which eorres- 
_ n s ° a c e fi n jte value of e/M. From the known constants of the 

. *Y ^ ie US( f known ions, the maxima can be identi- 
wi ennite ions. Using the values of Y corresponding to the 
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different peaks in relation (3), the masses of the ions can be deter¬ 
mined, f 

Results. A typical curve obtained with lithium in this way by 
Dempster is shown in Fig. 106. There are two maxima, one at 

P.D. corresponding to mass 6, 
and the other to mass 7. Hence 
lithium contains two isotopes of 
masses 6 and 7. There is no 
indication of atoms of lithium 
with mass 6*94, the chemical 
atomic weight. Dempster has 
analysed in a similar manner 
Mg, Ca, Zn, K and found them 
to be made up of isotopes, the 
masses of which are very nearly 
integers in terms of the mass 
unit. For instance, Mg was 
found to consist of a mixture of 
three isotopes of masses 24, 25, 
26, while zinc four isotopes of 
63, 65, 67 and 69. The heights of 
the peaks of the curve give the 
relative abundances of the isotopes present in the element analysed. 
As the ions are detected electrically and not photographically it is 
easier with this apparatus to make quantitative estimates of rela¬ 
tive abundances than with Aston’s. 



Fig. 106 . Mass spectrum curve of Li. 


The fact that the ions must be generated with a velocity 
negligible compared with that produced by the accelerating poten¬ 
tial limits the method in its application. The resolving power of 
the instrument is somewhat low, about 100 in the first model. . A 
later improved design has, however, been found capable of separating 
isotopes of elements with atomic weights less than 50. 

BAINBRIDGE’S MASS SPECTROGRAPH 

Bainbridge, working in the laboratory of the Bartel research 
foundation of the Franklin Institute, designed in 1930 a mass spect¬ 
rograph on the model of Dempster s apparatus, which could be used 
to analyse heavier elements with increased resolution by means of a 
powerful electromagnet. .But, in 1933, he so modified his appara¬ 
tus with a new and original principle known as the velocity selector or 
velocity filter that he was able to obtain not only a much higher re¬ 
solving power and greater precision than Dempster, but also, sym¬ 
metric images and chiefly a linear mass scale which Aston could not 

get with his apparatus. 

Principle. The stream of ions to be subjected to the magnetic 
semi-circular focusing is made perfectly homogeneous in velocity be¬ 
fore it enters the magnetic field, whatever be the initial velocities 
of the ions acquired in the process of their generation, by the use o 
a special device called the velocity filter. 
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Apparatus. The apparatus is 
107. The beam of ions produced in 
*o slits Sj and S 2 and 
then passed through a “velo¬ 
city selector”, which consists 
of a transverse electric field 
and a magnetic field per¬ 
pendicular to the plane of 
the paper. The former is pro¬ 
duced bv maintaining the 
plates Pj and P 2 at a suit¬ 
able P.D., while the latter 

romagnet repre¬ 
sented by the dotted circle. 

The two fields are so arrang- ru—: 

ed that the deflections they \\ 

produce are in opposite \\ 

senses. If X be the inten¬ 
sity of the electric field and \ 

II that of the magnetic field 
in the space between S.> and 
^ 3 , then only those ions 
Mill pass through the selec¬ 
tor undeviated which pos¬ 
sess the same velocity v 
given by the relation Xe = Rev or v 

prevented from reaching the slit S 3 , since they will he bent 
the rectilinear path on account of the unbalanced effect of 
two opposing fields. The ions that emerge from the sli 
exit of the selector with the same velocity are introdi 
uniform magnetic field of intensity H' acting at right angl 
plane of the paper. Under the influence of this field 1 
along circular paths which are governed by the usua 

y ev = M^/r, where M is the mass of an ion whose cii 
has a radius r. The above relation trives 


V.£LOC/rv 


M Hr H.H'.r 

Since v and H are constant quantities, e/M is directly pro nor 
tional to 1 / r. 

fall d* CnC u’. aft ° r , dcscribin g semi-circles, if the ions are made t< 
, 1 * '® * P hoto fai»hie piate, they will strike it at different points 
to M/J ln ^ ,)n . different values of e/M. The radius r is proportional 

tions of „r , 6 th( ! refore . tmees will be obtained, the posi- 

dn -,,1 H ‘ Wl1 . 1 de P end on tho masses of the ions that have pro- 

linear » LT ^ ° traws II roar,il y seen that the mass scale u 

linear, since M is nronnrt.mml «. 
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field of 15,000 gauss over a semicircle of 40 cms. diameter, and found 
a definite increase in resolving power over Aston’s apparatus. 

Results. A great many elements were examined by Bain* 
bridge with his “velocity selector” apparatus, all of which had been 
previously investigated by Aston. The most important advances 
over Aston’s results were the corrections in the masses of the isotopes 
of Zn and Ge, the discovery of new isotopes in Te and the measure¬ 
ment of the isotopic masses H 2 and Be 9 . 

The first and most important advance Bainbridge’s apparatus 
has made over that of Aston is certainly the linear mass-scale which 
holds good up to 1 in 10,000 in practice. Further the rays striking 
the plate normally eliminate possible error due to irregularities in the 
surface. Owing to the particular arrangement of the fields, the traces 
obtained are symmetrical , which is conducive to high precision 
measurements. For estimating the relative abundance of isotopes 
this method seems to be less suitable than Aston’s, precisely on 
account of the velocity selection device. For, if the velocity selected 
corresponds to that of the lighter isotope, no effects will be obtained 
for the heavier one, however abundant it may be. The possibility of 
this source of error was realised and precautions taken to minimise it. 
On the whole, Bainbridge’s apparatus is as good as Aston’s, if not 
superior. In any case, it is fortunate that measurements made with 
one act as a good check on those with the other, chiefly given the 
fact that they are based on different principles. The chances of 
both instruments reproducing the same experimental error are thus 
rendered very remote. 

NIER’S MASS SPECTROGRAPH 

In 1935 Nier designed a mass spectrograph of the type of 
Dempster’s, but with several improved technical details which have 
made it a very efficient instrument, chiefly for the measurement of 
the relative abundance of isotopes. The main points of improvement 
are : — (a) The positive rays are formed by direct ionisation of the 
vapour of the substance under electron impact in a main tube whose 
temperature is controlled by an electric furnace surroun ing it an 
adjusted so as to have a very low vapour pressure. ( ) s f mi 
circular copper side tube acts as the analyser, %.e. y t le region w er 
the ions are swung round the semi-circular path under the influence 
of a magnetic field produced by a large solenoid enclosing the who} 0 
apparatus and acting parallel to the axis of the main tu e. . is 
analyser tube is not heated except by conduction. Hence any 
vapour that diffuses into it condenses. The low pressure thus produc¬ 
ed in this region gradually reduces the number of collisions suffered 
by ions on their way around the analyser. This fact helps to keep 
the resolving power of the apparatus at a high value, (c) The ionic 
current finally collected on a plate is measured by a valve amplifying 
device. On account of this amplification of the small ionic current, 
isotopes of even very low abundance can be detected and measure 
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It is claimed that the apparatus could measure relative abundances 
as low as 1 in 100,000 part. 

Nier has analysed with his apparatus a great number of 
elements such as A, Kr, Xe, K, Rb, Zn, Cd, Hg, etc., and lias been 
able to determine the relative abundance oi isotopes to a high degree 

of accuracy. 


BAINBRIDGE AND JORDAN DOUBLE-FOCUSSING MASS 

SPECTROGRAPH 


This instrument designed in 1036 by Bainbridge and Jordan 
may be considered as the most selective and delicate of all that exist 
at the actual hour. The 
main principle is the same 
as that of Aston’s mass 
spectrograph, but the 
electric and magnetic 
fields are made markedly 
radial which gives a direc¬ 
tional focusing of the 
ions over and above the 
velocity focusing and 
hence the name double - 

focusing apparatus. 

rni . r , Fig. 108. Mass spectrograph of Bainbrid ee 

the ions from a low- ‘ and Jordan. 

pressure discharge tube A 

{Fig. 108) having energies of 15,000 to 20,000 volts, after having 
passed through slits Sj and Sg, are bent through an angle of 77/ \/ 2 ra- 
<iians (127°) by a radial electric field E of the order of 1,200 volts/cm. 
maintained between two curved electrodes 25 cms. in radius. 
Ihen they continue along a straight path of about 4 f) cms. until they 
reac a radial magnetic field M which bends them again through an 
angle of 77 /3 radians. The ionic beam emerging from the magnetic 
neld is finally brought to a focus on a flat photographic plate P. 



J his instrument has been most successful in obtaining exact 
values of atomic masses, to an accuracy of the order of 1 in 100 , 000 , 
-vie ent < } clue to the following reasons : — (a) The mass scale is linear 
61 j a ^Portion of the plate due to the special focusing principle 
f * li S h ^solving power which can be calculated from the 
s e ry of the apparatus and shows a maximum of 10,000. An 
illustration of the resolving power of the instrument can be had from 
e iac t that the lines due to the ion of deuterium H s and the mole- 

senarJ y< ! r u gCn t 10n ^' Avhose masses differ only by -00153, are 

tanpnmff by ab ° U p 10 Umos tllc w ‘ dth of each line, (c) The simul- 
d'ivepff' °. C ’* S *['S °C velocity and direction enables the use of beams 

tvn«.B * n dlrect * on to a much greater extent tlian possible in other 

irnaees and this results >» higher intensities, (d) The 

2SLT 1 qi,i “ hrf p 8™"y 
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THE ISOTOPIC CONSTITUTION OF ELEMENTS 

As a result of mass.spectrum analysis with the extremely refined 
and ingenious methods described above, the isotopic constitution of 
nearly all the 92 elements have now been determined. The isotopes of 
a given e ement have precisely the same chemical properties and can- 
no e separated by chemical processes. They are therefore considered 
as atoms of the same element but are not identical in all respects since 
< \ ia,A e different weights. As the essential individuality of an ele¬ 
ment depends not on its easily changeable accidental chemical proper- 

? n son mthing more intrinsic, such as its mass, the term “ele- 
^? en . ,. s .? u , . e strictly applied not to the chemical felement but to 
i e . a isotope. It is, however, commonly agreed, for the sake 

o uni ormity and clearness, that the word should retain its original 
meaning, viz., a substance with definite chemical properties which 
may or may not be a mixture of isotopes. The notation usually 

adopted to designate a given isotope is X , where X is the chemical 
, z 

s\ m >ol of the element to which the isotope belongs, A the mass 
number, i.e., the integer nearest to the atomic mass as determined 
^ the mass spectrograpgh and Z the atomic number which gives 
either the total positive cnarge on the atom or the total number of 
electrons in its normal neutral state. For instance, the two isotopes 
of hydrogen are symbolically represented as H^ 1 (proton) and 
(dcutcron) and the three isotopes of oxygen as O g 16 , 0 8 17 , 0 8 18 . 
Hence isotopes are ordinarily defined as atoms which have the same 
atomic number Z but different mass numbers A. With the actual 
dethroning of the chemical element from its pristine glory, the chemi¬ 
cal atomic weight also has lost much of its former importance and 
is now considered to be merely a statistical mean value of the 
weights of the different isotopes in an element, though from the point 
of view of chemical analysis it is just as useful as ever. 

We know at present about 280 different isotopes that occur in 
nature which include the 40 radioactive isotopes. Besides these, 
about 200 unstable radioactive isotopes have been produced in arti¬ 
ficial disintegrations. The list is not, however, exhausted. The 
distribution of isotopes among the elements is varied and complex. 
For instance, some elements like arsenic, fluorine, iodine, gold, etc., 
have only a single isotope, while others have several, like xenon and 
mercury possessing 9 isotopes each and tin the highest number of 
11 isotopes. In general, elements of odd atomic number almost never 
possess more than two stable isotopes, while those of even atomic 
number usually have a much larger number, e.g ., Li 3 6 * 7 , B 5 10 u , 
N 7 14 * 15 , Cl 17 35 * 37 . When an element has numerous isotopes, it is 
always found that these occur in a fairly regular manner, e.g., the 
isotopes of iron are 54, 56, 57 t 58 or those of zinc 64, 66, 67, 68, 70. 
These regular sequences, which rarely exceed two mass units for 
successive numbers in going up the series, may be of importance in 
the intrinsic constitution of matter. 


MASS SPECTROGRAPH 


247 


The determination of the exact masses of the isotopes by 

mass spectrum analysis, which can be achieved to an accuracy of 1 in 
100,000, clearly points to a very important fact, viz., the systems t i ( * 
though slight deviations of the actual masses of the isotopes from 
whole number rule. The fact that the mass of every isotope is very 


nearly an integer indicates that all atoms are composed of elementary 
particles of at least the same unit mass. On the other hand, the 
departure from the integer value in practically every case, known 
as the mass defect ( A ), which is merely the difference between the 
measured atomic mass M of an isotope and its mass number A, 

A = (M - A), has been applied with remarkable results to the study 
of the structure and stability of atomic nuclei, to the phenomenon 
of artificial transmutations, to the verification of fundamental rela¬ 
tions in Modern Physics, like the mass-energy relation of the theory 
of relativity, etc. These points will be dealt with in their appropriate 
places. 


Accurate measurement of the relative abundances of 
isotopes also is of great importance, since it readily offers a means 
of checking chemical atomic weights 'by purely physical methods, 
of explaining anomalies found in the order of elements in the perio¬ 
dic table according to the chemical atomic weights, etc. Mass spect¬ 
rographs have been used, as we have already indicated, to measure 
the abundance ratios of isotopes to a high degree of precision. This 
has been done in two ways : — 


(a) By measuring the total charges due to the different isotopes 
during a given interval of time Mass spectrographs of Dempster’s 
or Nier s type is most suited for this purpose. The relative heights 
of maxima in the curves obtained by plotting the ionic currents 
against the accelerating potentials directly measure the relative quan¬ 
tities of the different isotopes of the substance analysed. 

(b) By measuring the relative intensities of the different lines 
traced on the photographic plate in the mass spectrograph of the 

ype of Aston or Bainbridge. Special photographic plates are used 
m order to bring out the contrast of the different intensities. Com¬ 
parisons are made only between lines on the same plate. The actual 
infM.suicincnt of the intensities is done with a micro photometer by 
>a ancing the opacities of the lines against a standard wedge by a 
11,111 method. The term ‘‘microphotometer” is applied to instru¬ 
ments y means of which the darkness or density of the lines on 
ie negative is determined as a measure of the intensity of the rays 

sitv ma< 6 ^em. These instruments trace automatically the den- 

^ nes > photoelectric cells being used to convert 
vn.1 , e ^ ef ^ * nto mechanical effect through the intermediary of 

m + » m ers and sensitive galvanometers or electrometers. This 

ness nf a great difficulty of inferring from the dark- 

chartyp 0 l * G 1110 nura ^ cr °f particles which produce it. The 

for +u« * exactly equal and the masses being nearlv the same 

iso opes of a heavy element, one may prett 3 r safely suppose 
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that equal number of atoms of such isotopes produce equal effect, 
but with very light elements this is not so sure. Aston has, how¬ 
ever, used this method with some success. But the more accurate 
one, chiefly-for light elements, is the previous electrical method which 
a so eliminates the fundamental difficulty of realising a constant 
source since the relative currents carried can be compared by a null 
method. 1? urther, due to the improvements brought to it by devices 
such as those introduced by Nier. abundances as low as 1 in 100,000 
can be measured accurately. 

More than 250 abundance ratios of isotopes in various elements 

have been so far measured. There is a wide variation in abundances, 

as in the case of the number of isotopes in different elements. For 

instance, bromine has two isotopes of nearly equal abundance 

(50 6% and 49*4%), whereas in hydrogen the two isotopes are of 

the most unequal abundance (99 98% and 0 02%) and the three 

isotopes of oxygen are 99*76%, 0 04% and 0*2%' respectively. A 

close study of the abundances of isotopes has led to the following 
conclusions :— 

(1) Isotopes of even atomic numbers are much more abundant 
than those of odd atomic numbers. 

(2) Isotopes whose mass numbers are multiples of four are parti¬ 
cularly abundant. Thus O 16 , Mg 24 , Si 28 , Ca 40 and Fe 56 form nearly 
90% of the earth's crest. 

These findings are bound to throw light on the problem of struc¬ 
ture and stability of atomic nuclei, as we shall point out later. For 
the present, let us see how a knowledge of the relative abundance 
of isotopes and their exact individual masses, as obtained from mass 
spectrograph measurement, act as a check over the atomic weight 
measured by chemical methods. Considering, for instance, the ato¬ 
mic weight of lithium, as calculated by the purely physical mass 
spectrum method, is the average of 7*9% of Li 6 (M = 6 01614) and 
92*1% of Li 7 (M = 7*0182) which is thus equal to 6*937, in excellent 
agreement with the value 6*940 obtained by chemical methods. This 
agreement is verified in the case of many elements with only some 
slight discrepancies here and there, a fact which reflects honour on 
both the methods. 

Mass spectrum data of relative abundances of isotopes and of 
their masses explain in a similar manner, the possible anomalies 
in the order of elements classified in the periodic table. For, the 
true masses of isotopes, as directly determined, are so intermingled 
in the order of natural numbers and their proportions present in 
elements are so varied that such anomalies are bound to occur. For 
example, the anomalous order of argon (At. weight = 39*944) and 
potassium (At. weight — 39*10) is readily explained as follows : Of 
the two isotopes of argon of masses 36 and 40, the heavier one 40 is 
present in a much greater proportion of 99*4%, whereas of the two 
isotopes of potassium of masses 39 and 41, the heavier one 41 is 
only 5*4%. Had the proportions of the heavier and lighter isotopes 
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been similar in both the cases, the atomic weight of potassium 
would have been greater instead of less than that of argon, justifying 
the order in the periodic table. 

It may be noted that there is a more fundamental interest 
attached to the study of relative abundances on account of the 
constancy of the abundance ratio of isotopes. In general, the 
relative quantities of the different isotopes are found to be ih ,; : 1 ■ 
for every sample of a given element, from whatever source it comes, 
terrestrial or even extra-terrestrial, like meteorites. It looks as though 
the mixing of the isotopes within each element has been pretty 
thoroughly accomplished at the beginning of time and as though the 
abundance ratio might have universal value. Though we have no 
sure explanation to offer for this constancy, yet the fact suggests that 
an element may not be considered as a mere yneckanical mixture of 
its isotopes, but an entity by itself, essentially different from the 
individual isotopes, in spite of the fact that it is constituted by the 
isotopes which can be even separated and made to have a free exis¬ 
tence of their ow n. 

Separation of isotopes is of great importance not only from 
a purely theoretical point of view, since every isotope contains its 
own characteristic nucleus, but also on account of the ever increasing 
practical applications of pure isotopes in science and industry. Since 
the electronic structure and hence the chemical properties of isotopes 
are identical, they can be separated only by physical methods 
depending on their masses. A great variety of these has been pro¬ 
posed and tried but adequate results have been obtained only with a 
few. Generally when the method can deal with fair quantities of 
the substance, the order of separation is small, while in the methods 
that can achieve complete separation the quantities produced are 
insignificant. However, remarkable success has attended the cases 
of neon by continuous diffusion, of hydrogen by electrolysis and <>f 
U* 23 » (used in the production of the atom bomb) by mass spectro¬ 
graph. 

The efficiency of a method used for the separation of isotopes 
is represented by a quantity known as the separation factor ‘r ’ given 
by r == (qilq 2 )l(p l jp 2 ), where p 1 and p 2 are the number of atoms of the 
two isotopes of masses ■m l and m 2 in the initial mixture, while q 1 and 
the number of respective atoms after processing. Supposing the 
processing increases the proportions of one isotope from 1 to 10%, 
the separation factor r = (10/90) / (1/99) = 11. In practically every 
method a high separation factor means a low' yield and hence a com¬ 
promise has to be made between these tw r o opposing factors. With 
these general remarks, we now proceed to describe briefly some of 
the methods used for the separation of isotopes. 

(1) Mass spectrograph method . The principle of this method is 
very simple. The photographic plate in the mass spectrograph of 
. 8 ^on a type is replaced by different vessels where the different iso- 
opea can be separately collected. The method enables the most 
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complete separation, but the main difficulty is that extremely high 
currents of ions or long intervals of time are required to separate 
any appreciable amount of an element into its isotopes. The first 
complete separation of the isotopes of lithium was achieved in 1934 
^ ti is method in sufficient amount to be used in artificial disinteg¬ 
ration experiments. During the next few years the isotopes of 
potassium, boron and carbon were separated with success, but the 

v ie i S | ow * But in 1941 under the urge of producing atom 

lorn *s with the lighter isotope of uranium (U 2i5 ) which is only 1 part 

in 140 ol the ordinary element, this method was so perfected that 

appreciable amounts of U 235 were produced. The “giant” mass 

spectrographs constructed for this purpose bear little resemblance to 
Aston s original apparatus. 


(2) Diffusion method . The subject of the separation of a mix¬ 
ture of two gases by the method of diffusion through porous material 
has been thoroughly investigated by Lord Rayleigh. Theory shows 
that the rate of diffusion is inversely proportional to the square root 

° *11 ?• masscs . kh e molecules. Hence different isotopes of a gas 
will diffuse with slightly different velocities. The conditions under 
"hicli maximum separation is to be obtained according to the theory 
are . (a) that the “mixing ’ be perfect so that there is no accumu¬ 

lation of the less diffusible gas at the surface of the porous material 
through which diffusion takes place and (h) that the apertures 
through which the gases must pass are very small compared with the 
mean free path of the molecules. Hertz, in 1932, made use of this 
diffusion principle in a most ingenious way in the separation of the 
isotopes of neon. Since the differences in mass of the isotopes of an 
element are usual ly very small, only slight separations are obtained 
in a single process, but by using a number of porous-walled diffusion 
units in series, the gases being circulated in a closed system, better 
results are obtained. Hertz used 48 tubes of diffusion containing 
special porous material at low pressure and 24 mercury diffusion 
pumps to circulate the gas, arranged in cascade , so that the process 
was repeated continuously, and obtained almost a complete separa- 

Hertz later modified the apparatus 
vapour itself of the pumps acted as 
of argon and bromine have been 
rapidly separated by this process. Isolation of deuterium in a pure 
state from a 10% mixture with ordinary hydrogen has been achieved 
within about 8 hours. Partial separations of carbon, nitrogen and 
chlorine isotopes have also been obtained. 


tion of neon into Ne 20 and Ne 22 . 
so that the streaming mercur}^ 
the diffusion barrier. Isolation 


(3) Thermal diffusion. Enskog and Chapman have shown that 
if a mixture of two gases of different molecular weights is allowed to 
diffuse freely in a vessel whose ends are mainta ned at different 
temperatures, until equilibrium conditions are reached, there will be 
a slight excess of the heavier gas at the cold end and of the lighter 
gas at the hot end. In 1938 Clausius and Dickel employed this 
principle in the following simple technique which has since then be¬ 
come a.method of isotope separation of great practical importance. 
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If the mixture of gases is placed between 2 vertical parallel walls, 
one of which is hot and the other cold, thermal diffusion assisted by 
convection current results in two counter-cunvnt streams of different 
concentrations in the two constituents an produce a very rapid and 
marked separation of the lighter from the heavier molecules, the 
former concentrating near the hot wall and the latter near the cold 
wall. The two vertical parallel vralls at different temperature are 
readily constituted by a vertical cooled glass tube with a coaxial 
wire electrically heated. As is to be expected, separation by thermal 
diffusion increases with the length of the diffusion column, so that a 
complete separation is attainable by the mere increase of the length 
of the cooled glass tube and the hot coaxial wire, further, this length 
need not be in one stretch, but may be composed of a number of 
shorter columns, suitably coupled. It is found that a tube of one 
metre in length with the central wire heated to about 1050 C is equi¬ 
valent to twelve Hertz diffusion units. The first outstandin o success 
of the method was an almost complete separation of the isotopes of 
chlorine produced in 24 hours with a tube 3fi metres long. The two 
isotopes of neon were separated in a practically pure state. Consider¬ 
able enrichments of the rare isotopes of hydrogen, oxygen, carbon, 
nitrogen and sulphur have also been reported. This method is by far 
the simplest and most effective yet devised. It can also be employed 
for substances in the liquid state which bring in the following addi¬ 
tional advantages that cannot be had when gases are used, viz., the 
use of smaller column length and the larger bulk of material and no 
need of pumping apparatus. It is however limited to substances which 
do not react with the hot wire and arc not affected by the high tem¬ 
perature used. 


(4) Pressure diffusion or centrifugal method . If a heterogeneous 
fluid is subjected to a gravitational field, its heavier particles tend to 
concentrate in the direction of the field and if there is no mixing to 
counteract this, a certain amount of separation must take place. If, 
therefore, we have a mixture of isotopes in the gaseous or liquid 
state, partial separation should be possible by the application of a 
pseudo-gravitational field produced by a high speed centrifuge. 
Mullikan has given a complete theory of the separation of isotopes 

by thermal and pressure diffusions and shown that the latter method 

* * « * * 

is likely to be of more value in the case of isotopes of high atomic 
weights, since the separation factor in the centrifugal method 
depends on the ratio of the masses of the molecules and not, as in 
other methods, on the square root of the masses. A special method 
named evaporative centrifvHng has been developed successfully in 
America. The gas condensed at the periphery of a centrifuge at high 
^peed is allowed to evaporate very slowly, the light fractions being 
drawn off very gradually at low pressure from the centre of the 
apparatus. It is suggested that this method ought to yield a separa¬ 
tion 10 to 15 times as great in one operation as would diffusion or 

evaporation. 


(fi) Evaporation method . If a liquid consisting of isotopes is 
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allowed to evaporate, the lighter isotopes escaping from the surface 
Jii a given time is greater than the heavier one If the pressure above 

the Hqu?d Ce the rone n°trT ^ T™ ° f th ° lighter atoms return to 
,!] oncentration of the heavier atoms in the liquid will 

btnli: n r a ipar^ nSted Heves * usin S ** method have 

mercurv but dir^rmt e , a . ver ^ sma ^ quantity of the isotopes of 

able to anno ^ a C 0 . m P Iet ? reparation. They were also 

poration of a sol tin ** ®^P aratlon of isotopes of chlorine by free eva- 

n °f ®C1 in water at a low temperature of — 50°C. 

electrofvse<nt \\°^ f^ e ^ ec ^ r oly$is If a large amount of water is 

found to consist & f ma * Quantity is left, the residue is 

which the hvdrntr ^ °f molecules of heavy water, t\e. # water in 

The concenters t* ^ en a oms a f e those of the heavier isotope of mass 2. 

the different inn p ° i %*7*^ hydrogen in the residual water is due to 

mobilities of the two isotopes of hydrogen. When 

the coiu^tne JCe ^ the , 0n ^u al volume of water to 1 partin 25,000 
obtainerl in +i ? n reac es a ^ m °st cent per cent and heavy water is 
order of QO OOfT * )Ur ° S ^ ate ’ 4 large quantity of electricity of the 
wat/r Ti 0,0 ? 0 mpere / hours 18 squired to produce 1 gm. of heavy 
An i • * i . US wa te r manufactured on an industrial scale 

r>f Bvrlrn used. The method is effective only in the case 

0 i 0 S e ^; J® worth while noting that heavy water has physi- 
m.,m ? Pert / eS (1 | ff erent from those of ordinary water. The maxi¬ 
mum density of heavy water occurs at 11°C. Its freezing and boil- 
ing points at normal pressure are 3-8°C and 101*4°C ; latent heat of 

. am 6 calories. It has a larger viscosity but smaller refractive 
index than ordinary water. 

The discovery of heavy hydrogen is another point of interest, 
ihe atomic weight of hydrogen originally determined by Aston with 

his mass spectrograph was 1*00778 
based on the value of 16 for oxygen. 

It agreed quite well with the chemi¬ 
cal atomic weight of hydrogen 
1*00777, which was one of the 
reasons why oxygen 16 was main¬ 
tained as the standard unit. But 
soon two other isotopes of oxvgcn 
of masses 17 and 18 of very low 
abundance were discovered in the 
analysis of molecular spectra of 
atmospheric oxygen. This necessi¬ 
tated a reduction in the mass unit- 
in order to make it agree with the 
chemical atomic weight of oxygen. 
But then on this reduced scale the 
mass spectrum value of hydrogen 
became 1*00756. The difference 
between the original value and this 

« ait .nnnoo ^ ^*x. ! .u ...» n 



new 


Prof. Urey 

Between tne original value and this 
value brought in a discrepancy of *00022 mass unit, which was 
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not negligible. This, however, could be explained if a heavy isotope 
of hydrogen of mass 2 existed in a very small quantity oi I part in 
6,000 about, for, then the chemical atomic weight would be the 
statistical mean value of the weights of .the two isotopes and there¬ 
fore greater than the mass spectrograph value. Prof. Urey and his 
co-workers discovered such an isotope of hydrogen spectroscopically 
in the study of the Balmer lines of hydrogen and named it deuterium. 
A large concentration of this isotope can bo readily obtained bv the 
electrolysis method as described above. Deuterium is used as an effec¬ 
tive indicator in the study of complex organic compounds. It serves 
as an important projectile in effecting artificial disintegrations. It is- 
also used as an efficient moderator of neutrons in nuclear reactors. 


Spectroscopic analysis of isotopes. The discovery of the 
isotopes of oxygen and oi deuterium by spectroscopic means, casual¬ 
ly mentioned above, shows that the isotopic constitution oi elements 
can be investigated, not only by mass spectrographs but also by 
purely spectroscopic methods. Although these latter methods of 
isotopic analysis are indirect , they can compare with the former both 
as regards sensitiveness and accuracy. They have even proved 
superior in the matter of the discovery of rare isotopes. In fact, the 
unequivocal identification of a number of isotopes, which could not 
be easily detected through mass spectrum analysis on account of 
their very low abundance, is the chief contribution of the spectro¬ 
scopic methods. We shall deal with this isotopic effect in spectra in 
a later chapter. 

TABLE OF ISOTOPES 


Mass 
No. A 



Atomic 
Mass M 


19*00446 


19*99886 

21*00060 

21*99827 

22*99714 


Relative 
abun¬ 
dance % 


23*90269 

24*99382 

25*99087 

26*99014 


i 27*98584 

28- 98572 

29- 98331 

30- 98302 


100 


90*92 

0*26 

8*82 

100 


78*6 

10*1 

11*3 

100 


100 
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9 % K 


Element 


Molybde- 42 
mm (Mo) 



^' U 39 

No. A 

Atomic 
Mass M 

RelatiV' 
abun¬ 
dance °. 

. 

92 


15*9 

94 

93*935 

9*1 

95 

94*945 

15*7 

96 

95*936 

16-5 

97 

96*937 

9*5 

98 

97*944 

23*8 

100 

99*938 

9*5 


Tecbne- 43 
tium (Tc) 

Ruthen- 44 
i ium (Hu) 


Rhodium 45 
(Rh) 

Palladium 40 

(Pd) 


Silver 

(Ag) 


99 

100 

101 

102 

104 

101 

103 

102 

104 

105 

106 
108 
110 


47 107 

109 


Cadmium 48 
(Cd) 


10G 

108 

no 

m 

112 

113 

114 
116 


Indium 49 113 

(!«) 115 


rti * 

1 in 

(Sn) 


112 

114 

115 

116 

117 

118 

119 

120 
122 
124 


Antimony 51 



« t t * ■ * 


98*944 



95*946 j 5*68 

. 2*22 

98*944 12*91 

: 12*70 
1 16*88 
31*34 
18*27 

! 0*08 

1 99*92 

os 

9*3 
22 0 
27*2 
26*8 

13*5 

51-4 

48*6 

1*4 
1*0 
12*8 
13*0 
24*2 
12*3 
28*0 
7*3 

4*2 

95*8 


103*936 

104*945 

105*945 

107*937 

109*941 

106*948 

108*947 



111*940 
112-942 
113*940 
115*942 



omen 


*•»•***+• 
113*941 
114*941 
115-938 
116*942 
117*939 
118*938 
119*940 
121*943 
123*943 


10 

0*6 

0*3 

14*2 

7*6 



8*6 

33*0 

4*7 

6*0 

67*2 

42*8 


(Te) 


iodine 

(i) 

Xenon 

(Xe) 


At. 
No. 
Z j 

Mass | Atomic | 
No. A Mass M 

1 

Relative 
abun¬ 
dance % 

j 52 | 

] 20 1 ********* 

0 • l 


i 00 

i H W ****#■■*• 

2-5 

1 

123 i ********* 

0 9 


1 0 A 

1 1 ********* 

4*6 


125 . 

70 


| 126 j 125 * 94.1 

18*7 


128 | 127-947 

31*8 


130 I 129*947 

3 4 4 

53 

127 s 126*946 

K 

_> 

O 

54 

J 

| 

1 

1 OJ 

1 w *.* 

0 091 


Barium 

(Ba) 


Cerium 

(Co) 


Noody- 60 
miurn(Xd) 


1 128 
; 129 


131 

132 


: j 1 36 

Caesium 55 133 


56 130 

132 

134 

135 

136 

137 

138 


Lantha- 57 138 

num (La) 139 


58 I; 136 
138 
140 
142 


* * * + > * 4 t * 

oo.fi 4 a 


131*946 
133*9 19 


132*933 


* * * | | t * t t 




137 * 91 C 


* ■* ■***■# 


138*955 


Praseody- 59 141 

mi urn (Pr) 


143*956 


142 . 

143 . 

144 143*956 

145 . 

146 145-960 

J48* 147*961 

150 149*967 


Proineth- 61 145 

imn (Pm) 


0-088 
1-90 
I 26.23 
! 4 07 

i 21*17 
26*97 
! 10*"4 

i 8 *#5 

j 

] 00 


0-iOl 
0*097 
2*42 
6*59 
7*81 
11-32 
7 166 


0*09 

99*91 


0*193 
0-250 
88-48 
I i -07 

100 


25*95 
13 0 
22-6 
9*2 
16*5 
6*8 
5*95 
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Element jN°. 


Samarium 62 
(Sm) ! 


144 

147 

148* 

149 

150 
152 
154 


Europium 63 151 


(Eu) 


ium (Od) 


Dyspros- i 66 
ium (Dy) 


Holmium 67 
(Ho) 

Erbium 68 
(Er) 


Thulium 69 
(Tm) 

Ytterbium 70 
(Yb) 



153 


Gadolin- 64 152 


154 

155 

156 

157 

158 
160 


Terbium 65 159 

(Tb) | | 


158 

160 

161 

162 

163 

164 

165 


162 

164 

166 

167 

168 
170 

169 


168 

170 

171 

172 

173 

174 
176 


Lutecium 71 175 

(Lu) 170** 


Hafnium I 72 I 174 


Atomic 
Mass M 


***** 


154*977 

155*976 

156*976 


» « « • 


* * * 


1 75*992 


* * * * 


Relative 
abun¬ 
dance % 


3 2 
15*1 
11*3 
13*8 
. / *5 
26*6 
22*5 

47*8 
52*2 

0*2 

2*86 

15-61 

20*59 

16*42 

23*45 

20*87 

100 


0*1 

1*5 

21*6 

24*6 

24*6 

27*6 

100 


0*25 

2*0 

35*2 

23*5 

29*3 

9*8 

100 


177*993 


0*06 
4*21 
14*26 
21*49 
17*02 
29*53 
13*38 

97*5 

2*5 

0*18 

5*23 

18*47 

27*13 



Vo* Mass Atomic 
2 * No. A Mass M 



lurn (Ta) 


Tungsten 74 
(W) 


Rhenium 75 
(Re) 


Osmium 

(O) 


Iridium 

(Ir) 

Platinum 

(Pt) 


Gold 

(Au) 


Mercury' 80 
(Hg) 


79 

80 


180*004 


180*928 


180 

182 

183 

184 
186 

185 
187 


182*004 

183*003 

184*006 



186*981 


76 184 
186 

187 

188 
I 189 

190 

192 

77 191 

193 

78 192 

194 

195 
{ 196 
! 198 



190*038 

192038 

191*040 

193*041 


194*040 

195*040 

196*039 

198*044 


79 197 197*039 


196 

198 

199 

200 
201 
202 
204 


Thallium 81 203 

(Tl) I 205 



Lead 

(Pb) 


82 204 

206 
207 
! 208 


Bismuth S3 209 

<Bi) f : 


203 035 
205*038 

204*036 

206*038 

207-040 

208*057 

209*055 


Polonium 84 | 




1 3H 
35*14 

100 


0*2 

22*6 

17*3 

30*1 

29-8 

38*2 

61*8 


0*018 

1*59 

1*64 

13*3 

16*1 

26*4 

41*0 

38*5 

61*5 

0*8 
30*2 
35*3 
26*6 ' 
7*2 

100 


0*15 
10*1 
17*0 
23*3 
13*2 
29 6 
.6*7 

29*5 

70*5 

1*48 

23*59 

22*64 

52*29 

100 
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! 1 . | * , B 

T> , v* Mace Atonne 

Element Mass M 


Astatine go .... 
(At) 

Radon 80 222 * 

(Un) 

i ranciuin £7 


Radium gg 223* 
(Ra) 1 224* 

I , 226* 


Actinium 

(Ac) 

, Thorium 
(Th) 

Protacti¬ 
nium (Pa) 


P raniuro 1 92 234* 

( u ) 235* 

23b* 


Neptun¬ 
ium (Np) 


93 231* 

233* 
239* 




220*10 


227* 


232* 232*12 


231* 


1 ielati ve 
abun¬ 
dance 


At. 

No. 


234*114 

235*117 

238*125 

237 


* • * # 


Element 


Pluton¬ 
ium (Pu) 

Americ¬ 
ium (Am) 

Curium 

(Cm) 


. Berkelinm 97 243* 

• * • • * (Bk) 


100 


0-000 

0*720 

99*274 


Maes Atomic 
No. A Mass M 


242 


244 


Californ¬ 
ium (Cf) 

Einstein¬ 
ium (E) 


Fermi 11 m 100 ... 

(Fm) 1 

Mendele- 101 i ... 
viurn (Mv) 

Nobeliurn 102 ... 

(N o) 


243 


243 


249 


254 


255 


256 



17 












CHAPTER IV 


X-Rays 



Introduction, The chief point concerning X-rays, that has 
engaged the attention of many a scientist, that has been the aim of 

a great number of researches involving 
ingenious and delicate instruments and 
that has finally led to a new concep¬ 
tion of radiation, is the understanding 
of their precise nature. Early investi¬ 
gations of the general properties of 
these invisible rays indicated that they 
might be of the same nature as visible 
and ultra-violet light but of very short 
wavelength. The first attempts to 
reflect, refract, diffract and polarise 
X-rays were, however, unsuccessful. 
Hence Roentgen thought that they 
might be longitudinal ether waves, 

unlike the transverse waves of ordi¬ 
nary light. But his opinion had 

against it the great many similarities 
between X-rays and visible light and 
was not therefore accepted. In 1912 
Prof. Laue got an ingenious idea which 
solved the problem to a very great extent. He said that the failure 
in reflecting, refracting, etc., of X-rays was merely due to the want 
of a proper medium suitable for X-rays. What was good for ordi¬ 
nary and even ultra-violet light was not suited for these rays on 

account of their very short wavelength. But the internal structure 
of crystals might form a sufficiently refined medium for X-rays. 
Experiments carried out on this suggestion by Laue himself and 
others were crowned with remarkable success. These were follow¬ 
ed by other researches which proved that X-rays could be effectively 
refracted, polarised, and scattered. As a result, the identity of X-rays 
with light in all respects, except that they occupy a narrow 
region of the spectrum beyond the ultra-violet, was definitely 
established. 

When onc< the question of the essential likeness of X-rays with 
light was solved, th I issieal electromagnetic theory of radi ttion w^as 
applied to the ob- ’ omenon of X-rays and the conefn < : s there¬ 
by obtained were found to be fairly well confirmed, at 1* ' 


Pi ■of. \ on Laue 


qualita- 
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tively, by experimental observations. Quantitatively, however, in 
the vcrv researches carried out to establish the wave nature of 

4 / 

X-rays, there was gradually accumulated a mass of data, such as 
the characteristic X-ray spectra, the ‘‘sharp cut off ” in the con¬ 
tinuous X-ray spectrum, the critical absorption limits, the photo¬ 
electric effect and the scattering of X-rays with change of wave¬ 
length known as the Compton effect, all of which the classical theory 
could not explain. As in other branches of Physics, the quantun 
theory of radiation came to the rescue more or less successfully. 
Study of these phenomena of X-rays will have to be postponed to 
later chapters dealing with the quantum theory, limiting ourselves 
here to those that are readily interpreted on classical principles. 


An extraordinary fact about X-rays is that probably no subject 

*>Tb V v A */ J 

in all science better illustrates the importance of pure scientific 
research to the welfare and progress of humanity in practical life 
) an do X-rays. We shall speak of some of the practical applica¬ 
tions of X-rays at the end of this chapter. 


PRODUCTION AND DETECTION OF X-RAYS 

Since for a close analysis of X-rays, efficient production and 
accurate detection of them are required, we shall begin by a con¬ 
sideration of the methods oi their production and detection in use. 

(?) Sources of X-rays. Using the basic principle of generat¬ 
ing X-rays by making fast moving electrons strike a solid target, 
X-ray sources of increasing efficiency have been devised. The gas 
tube, the Coolidge tube and the recently developed betatron mark the 

different important stages of perfection of technique ,in the produc¬ 
tion of X-rays. ! 


it h 


The gas tube is simply the cathode rav discharge tube \v.„.. 
certain modifications (Fig. 109). The cathode C made of aluminium 
is concave in shape while 

the anode A is usually 
put in a side tube and 
connected to the target 
1 whose front surface 
facing the cathode is 
sloped to have an in¬ 
clination of 45° to the 
axis of the cathode ray 
stream and is arranged 

to be at the focus of the 

concave cathode. For 



Fig, 109 


i 1 % 

Pho gas tube. 


^uncave cathode. For ^ * 1,0 . 

general use of the X-ray tube, the target is usually made of a meta 

wherik ? Qe lting point, like platinum, molybdenum, or tungsten 

, 1 ' , ni 1 11 Mut *.v of particular problems, suitable substance; 

se as argets. With the specially shaped cathode and target 
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the rays leaving the cathode very nearly at right angles to its con¬ 
cave surface are brought to a focus at the centre of curvature, a 
point on the target, which in consequence becomes a source of 
X-rays. The gas pressure in the tube is of the order of *001 mm. 

The required high tension of about 30,000 to 50,000 volts is obtained 
from an induction coil. When the tube is to be operated for a long 

time, special arrangement is made to cool the target by a current of 
water. 

This gas tube was practically the only source of X-rays until 
the Coolidge tube was introduced. The limitations of the gas tube 
arise chiefly from the fact that the electrons constituting the cathode 
ray stream are produced by ionisation of the gas in the tube. Thus, 
first of all, due to the fact that the applied voltage depends in a 
critical manner on the pressure of the gas, a factor which is very 
variable at the low pressures used, it is not easy to maintain con¬ 
stant both the intensity and the quality of the emitted X-rays for 
any desired length of time. Secondly, as the walls of the tube 
gradually absorb t he residual gas, the number of electrons produced 
by the ionisation of the gas decreases, which means reduction in the 
intensity of the cathode ray stream and the consequent rendering of 
the tube harder and harder on operation, so that after a time, the 
tube becomes so hard that it does not operate at the available 
tension. Various ingenious devices, like an auxiliary discharge tube 
of small dimensions containing platinised asbestos or palladium 
occluded with hydrogen, were tried to soften the tube, but with 
little success. In 1913, Dr. Coolidge introduced a new type of tube 
which overcame most of these drawbacks of the gas tube. 

The Coolidge tube is shown in Fig. 110. The cathode is a 
filament of tungsten F heated by a small battery B and made to 

emit thermionic elec¬ 

trons which constitute 
the cathode ray stream. 
These electrons are 

accelerated to the tar¬ 
get T by means of a 
high P.D. maintain¬ 
ed between F and T. 

\ The tube is exhausted 

to the highest attain- ^ 
Fig. 110. The Coolidge tube. ’ able vacuum of the 

order of *0001 mm. and. 
more. The fast moving electrons striking the target produce hard 
X-rays. Usually the filament is placed inside a metal cup G in order 
to focus the electrons on to the target. The target is fixed to a 
copper rod which projects outside the tube and is water-cooled, 
since there is considerable development of heat when the tube is 
worked for a pretty long time. The high tension required is ordinari- 
ly supplied by a step-up transformer, in which the secondary coil oi 
a great number of turns is well insulated from the primary of a few 
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turns. The very high voltage of the order of 50,000 volts and more 
developed in the secondary, with about 200 volts in the primary, is 



Fig. 111. Use of kenotrons for X-ray tube. 


evidently alternating, which when applied to the X-ray tube, will 
produce intermittent X-rays, the tube operating only during that 
half cycle when the filament is negative with respect to the target. 
It is, however, found in practice, that the life of a tube is lengthened 
by supplying it with a high tension which has been already rectified. 
Further a constant D.C. voltage is required when the X-ray tube has 
to function continuously without break. For this purpose, the termi¬ 
nals of the secondary of the transformer are connected to a suitable 
combination of valve rectifiers known as kenotrons, with a condenser 
and inductance to steady the rectified voltage, which is then applied 
to the X-ray tube, as shown in Fig. Ill. 


The great advantage, of the Coolidge tube over the gas type is 
the possibility of controlling the current through the tube inde¬ 
pendently of the voltage applied. For, the amount of the available 
electrons does not depend on the residual gas, as in the case of 

h'^? 3 tube ’ but on thermionic emission of tfie heated filament 
which can be controlled by varying the temperature of the fila¬ 
ment, without any dependence on the voltage applied. Thus 
e * llten sity of the X-rays produced can be easily controlled by 
© hilament temperature. On account of the high"vacuum main- 

X raw in -,i ? tube there is no residual gas and the quality of the 
th ' ^ wli J^ de P en ! i practically on the high voltage applied and can 
to c\ . e readily controlled. Coolidge tubes have been designed 

million 1 1+ at r I olta S es ranging from a few hundred to about one 
potent !*1 * v The absenco of g as in the tube further enables the 
more °- be maintaine <I constant, so that the Coolidge tube is 

the Cooli l 6 l ° P ? ration than the S as tube - One disadvantage of 
the wholA r be J r a certain lack of f° cus ing of the electrons, so that 

X-ravs aC r ° f the tar S et b ©c<mies to some extent a source Q f 

has been all ? lurther refinement, known as the rotating anode tube , 
modified! *? ovorcoine this drawback to a certain extent. In this 
^veiled tuna«t 16 i* Catb ° de has a bn ? filament and the anode is a 
netic field 1S ° ro ^ ate( l a ^gb speed by a rotating mag- 

• Fach part of the target is bombarded for a small frac- 
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tion of each revolution so that the portion of the target actualfy 
bombarded at any instant acts almost as a point source. Also since 
each part is heated only for a small fraction of each revolution and 
cools during the rest of the journey, efficient cooling of the anode is 
secured, so t hat large currents ca n be used to obtain very intense 
X-ravs. Detachable anode tubes are also in use when different 
substances are to be employed as targets. With the distinctive 
features of perfect control of both intensity and quality of the 
X-rays produced and of less difficulties regarding maintenance of 
steady high vacuum, along with the special devices stated above 
incorporated, the modern hot cathode Coolidge tube is of great service 
in researches demanding high precision and accuracy. 

The betatron. In the X-ray tubes described above the elec¬ 
trons which strike the target and produce X-rays, acquire their 
energy by the use of a high P.D. between the filament and the target. 
Very recently a new type of X-ray tube called the betatron has been 
developed, where the electrons are accelerated by the application of 
a new principle known as ‘‘resonance acceleration**, first utilised in 
instruments, such as the cyclotron, which produce the fast projectiles 
required in artificial transmutation of elements. 



The principle of betatron, suggested first by Dr. Walton in 
1922 and fully developed by D.W. Kerst of the University of Illinois 
in 1941, is illustrated in Fig. 112. A ring-shaped vacuum tube A is 
arranged between the pole-pieces MM of an electromagnet which is 
fed by A.C. of high voltage adjusted to a convenient frequency. 
Electrons are shot into the vacuum tube from an injector which con¬ 
sists of a heated filament F as emitter of electrons, a grid G for focus¬ 
ing the electrons and a plate P which acts as the injector shield. By 
establishing a high P.D. between P and F the electrons are driven 
into the tube A at a great speed. The alternating magnetic field bet¬ 
ween the pole-pieces acting parallel to the axis of the vacuum tube 
produces two effects on the injected electrons—the first, an electro¬ 
motive force tangential to the electron orbit, caused by the changing 
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magnetic flux, gives the electrons additional energy, and the second, 
a radial force, due to the action of the magnetic field which is at 
right angles to the direction o i motion of the electron, keeps the 
electrons moving in a circular path. By the use of solenoids CC 
wound around the carefully designed pole-pieces the magnetic field 
at the centre is biased to a large value so that the magnetic flux in 
the suitably adjusted air-gap between the pole-pieces varies in such 
a way that the electrons move in a stable orbit of constant radius. The 
electrons, under these conditions, make several hundred thousand 
revolutions in their fixed orbit while the alternating magnetic field 
is increasing in intensity from zero to maximum, i e., during a quarter 
0 a cycle. At each revolution the electrons gain additional energy. 
At the end of the quarter cycle, when the intensity is at its maxi¬ 
mum, the magnetic field is distorted, by discharging a condenser 
t rough two coils of wire arranged one above and the other below the 
stable orbit, in such a way that the electrons are switched out of 
their circular orbit and made to strike the back of the injector 
8 110 vv hich acts as the X-ray target and produce a highly ener¬ 
getic X-ray beam, a very high percentage of tlie electron beam energy 
emg converted into X-rays. Since the electromagnet with its 
ecr cr coil corresponds to an inductance, by adding sufficient capa- 

£ ^ resonance can be produced in this circuit, so that the magnetic 
neld alternates at any desired frequency. 

i kfcveral betatrons have been constructed which can accelerate 
‘ ' |rons from a range of 2 MeV up to 250 MeV. The one built by 

e (Tcneral Electric Company of America, in 1945, weighs about 130 
ons and accelerates electrons up to 100 MeV, the electrons circling in 

cv *1'/l/oao n * C 1CS * n f ^ anie * ,er > 250,000 times during the quarter 
f I Jd e , very high energy X-rays produced by these 

t rons s ri mg the back of the injector have been used in artificial 

intn /'of 10n ®^ emen f s > notably of copper into nickel and silver 
hitdi miUTn * _y betatron capable of imparting to electrons the very 
of ^ 0 MeV has also been constructed under the direction 

th(dr 111? ^f.* ec ** 01 * °f X-rays. X-rays are detected bv some of 
ducin^ fl perfcies * SUC . h as ’ ( l ) afTectin g photographic plates, (2) pro- 
penetratirt° r< +i? enCe i- in certa ^ n substances, (3) ionising gases and (4) 
tance fn ^ n> V gh matter * T he first two effects are of great impor- 
greater ttoT 0 r° a P rac fl ce » while the last two have proved to be of 

^ve shall deal here a scientific point of view, with which alone 

first as P ower of X-rays has been used from the very 

beam. As ivo u ^ lV °i means measuring the intensity of an X-ray 
good insni*i+- aV6 i a l rea dy seen, air and other gases, which.are very 

under the a< tinn ll nf 6 Y n ° rma ^ ^ rcumstanc es, become good conductors 
X-ravBdo „«? I { X ‘ rayS \ due to ionisation of their molecules, 
indirect means °vifiy er ' V 311 * 80 g ases directly by themselves but by 

corpuscular nfiia** Gn a re passed through a gas, secondary 

a inns aic emitted by the gas, consisting of i ast mov- 
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ing electrons. It is these electrons, acting on the molecules and atoms 

SZSiXS, iT, k "P into positive and negative fons^ S 

tion current ThisViT ' C f f as c ° n ducting an ^ give rise to an ionisa- 
S of nrodnetlr, J nt been shown to be dependent on the 
the incoming X.ndin! nS> W tt- 1C1 ’ In turn ’ depends on the intensity of 
olfers a Quantitative 10n ’ ence measurement of ionisation current 
beam q “ eanS ° f mcasuril 'g the intensity of an X-ray 

satura I t?,m i s^“ ll Cham c er - The ionisa tion current, even in, the 
saturation state, being of very small intensity, of the order of 10-» 

amp., delicate methods 
are used to measure it. 
At first, the rate of dis¬ 
charge of a charged 
electroscope placed in 
the gas chamber ionised 
by X-rays was used, 
the motion of the leaves 
being observed by a 
low-power microscope. 
Later, an auxiliary de¬ 
vice, known as the ion - 

C/7/4V149 / K]cr 

113) was introduced. It consists of a hollow metallic cyclinderC 
closed at both ends except for a window W, over which is placed a 
tun sheet of aluminium, for admitting X-rays. A rod AB suitabty 
supported by good insulating material such as amber or quartz inside 
^ i j C f Ant ^ er connected to a quadrant electrometer E or a sensitive 
gold leaf electroscope. An electric field is established between the 
rod and the cylinder by maintaining them at a P.L. of several hund¬ 
red volts supplied by a battery, one terminal of which is connected to 
the cylinder and the other earthed. An earthed guard ring G pre¬ 
vents leakage from the cylinder to the rod. The cylinder is filled 
with a. gas, usually at atmospheric pressure. It is found that the 
sensitivity of the arrangement at a given pressure depends on the 
nature of the gas used, the following being increasingly active i H 2 * 
CO, air, C0 2 , ether vapour and CS 2 . Sulphur dioxide is ordinarily 
used for soft X-ra,ys and methyl bromide for hard rays. When 
X-rays enter the chamber through the window, the gas in it is 
ionised and rendered conducting. On account of the electric field 
between the cylinder and the rod, the latter acquires electric charge 
at a rate which can be measured by the electrometer. The rate of 
charging, which is a measure of the intensity of the X-ray beam, is 
determined by noting the deflection . of the electrometer needle for a 
given time. The ordinary sensitivity of the electrometer is 5,00Q 
divisions per volt, so that if the ionisation current is 10" 13 amp., the 
rate of deflection of the needle is 4*5 divisions per second, which is 
readily observed. 

The absorption of X-rays in some standard material such as 
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aluminium has been used ior many years as the only quantitative 
measure of the quality of X-rays. 

X-rays from an X-ray tube A (Fig. 114) which is enclosed in a 
lead box B are passed through the apertures C and D in lead plates 
and a well defined beam is ob¬ 
tained. Let this beam pass into 
the ionisation chamber I whose 
field voltage is such that the 
current registered by the elec¬ 
trometer E is the saturation 
current. Then the ionisation 
current is a measure of the in¬ 
tensity of X-rays. If a sheet of 
aluminium F is interposed in 
the beam, it is found that the 
ionisation current and in con¬ 
sequence the intensity of the 
X-ray beam is reduced by its 
passage through the absorber. 

With an arrangement of this type it is possible to make a quantita¬ 
tive stud} r of the quality of X-rays. 

Lot I 0 be the initial intensity of an X-ray beam incident nor¬ 
mally on the aluminium absorber and I the intensit} 7 after the beam 
has travelled through a distance x in the absorber. 

If d I represents a further diminution of intensity of the beam 
on its travelling an additional small distance dx , then —dljdx is the 
rate oi decrease of intensity. If it be assumed that dljdx is propor¬ 
tional to I, we may write 




Fig. 114. Apparatus for the study 
of the absorption of X-rays. 



where y is a constant of proportionality, characteristic of the absor¬ 
ber, called the absotption coeJficie?it , 

dl 

— — — y.dx 

Integrating, log,I = — yx + C 

Applying initial conditions, t.e., when x — 0 , I = I 0> so that 

L = log Jo. 

logj = — + log.I 0 


loe - 


I = I 




-o • 

Hence the absorption phenomenon of X-rays appears to obey 
an exponential law ; as x increases I diminishes exponentially, t\e., 
first by a large amount and then more and more slowly as thickness 
increases, reaching zero value only when x = <*> ■ The greater the 






























266 


THE BEGINNINGS OF ATOMIC PHYSICS 


ness *° f the 8reater thc diminution of intensity for a given thick- 

minecMav + c ° efbcient °[ an Y given material can be deter- 

its inliaT value thlckness which reduces the intensity to half 


- 

— € = 


1 


0 


where a: is the thickness which reduces the intensity by half. 

M 1° Ue-j- r - Hence if x is measured // can be calculated. 

efficic?^kf r iT J i a ^y X ' r f;y s * s determined by their absorption co- 

h nrent , ty great P ene trative power. The rays are soft if P is 
from’J 'v 8yS ;T rCadil ? ab 'T ,rbe(L . Considering a beam of X-rays 

to half hir ■ U fu Jti ls ,^ 0Und that if the intensity is just reduced 
i + . \ passing hrough aluminium and then these rays are pass- 

1 If . n l^ re and the intensity is again reduced to 

r + i . ia . a °S ether the intensity has been reduced to one quarter 
i e ° r !? lna value, the thickness of the aluminium necessary to 
produce the second reduction is greater than that in the first reduc- 

n. is siows that the absorption coefficient ft decreases as the 
rays are passed through more and more aluminium. In other words, 
tne hardness of the penetrating rays increases with the thickness of 
uminium which the rays have penetrated. The explanation of this 
increase in hardness is that the rays from the X-ray tube are not 
omogeneous, t.e., they consist of both hard and soft rays. On pass¬ 
ing through an absorber, the softer components are first filtered out, 
ea\ ing t e harder ones to penetrate further. The average hardness 
ot the penetrating beam thus increases with the thickness. Hence it 
iollows that for heterogeneous raj^s the genera! relation I = IqC^ is 
°n y approximate, since fi is not constant but decreases with in¬ 
crease of But with strictly homogeneous rays, the relation holds 
good rigorously, since ft is constant independent of the thickness x . 

In the derivation of the above relation we did not take into 
account the physical conditions of the absorber, such as temperature, 
pressure, density, etc. It is, therefore, more accurate and more 
useful to measure a quantity known as the muss ubsorption coeffi¬ 
cient, u/p, where p is the density of the absorber. For rays of a 
given hardness, i.e., homogeneous, the quantity ft/p has a value 
which is characteristic of the absorber, while independent of its 
physical state. The exponential law can be expressed in terms of p-/p 
in the following way. If m be the mass of the absorber, s its surface 
area, then the thickness of absorber 


x = 


Hence 


m 

ps 


I 0 ® 


p 


m 

$ 
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mjs is known as the superficial mass , z.e., mass per unit area of the 
surface. In general, with homogeneous X-rays,/x/p of an element 
increases rapidly with the atomic weight. Thus M/P for lead (207) 
is very much greater than that for aluminium (27) 


This explains 


why lead screens are used to protect the operator of an 
from the harmful el feet of X-rays. 


-ra v 


tube 


In the above analysis of the absorption of X-rays we have not 
considered what becomes of the radiation which is removed from the 
incident beam. The absorbed portion gives rise to a complex pheno¬ 
menon, known as secondary radiations which consists of three 
different tyjtes of rays : — 

(t) Scattered rays> practically of the same nature as the original 
or primary rays and nearly independent of the nature of the subs¬ 
tance. 

(u) Corpuscular rays t consisting of fast moving electrons, pro¬ 
duced by the photoelectric process, independent of the nature of the 
substance but dependent on the quality of the primary rays. 

(m) Characteristic X-rays which, as their name implies, depend 
on the nature of the substance from which they arise and not on the 

V 

quality of the primary rays. 


Of these different phenomena arising from the absorption of 
X-rays by matter, we shall speak later. For the present, considering 
the first two effects which depend on the quality of the primary beam 
of which p/p is a measure, we see that the coefficient m/P can be 
divided into two parts, a/p the scattering coefficient and t/p the 
transformation coefficient which measures the amount of X-rays ab¬ 
sorbed in the production of photoelectrons, so that 


=- 1 - 

P P P 

The scattering coefficient is usually small, while the transformation 
photoelectric coefficient forms the greater part of the total absorption 
coefficient, except in the case of absorption of very hard X-rays by 
light elements, where the scattering effect predominates. It may be 
noted that absorption resulting in photoelectric emission, represented 
by x/p, is intimately related to the production of characteristic 
X-rays, since in such an absorption the atom of the absorber is put in 
a state to radiate characteristic X-rays, as we shall see later. 


WAVE NATURE OF X-RAYS 

In order to establish definitely that X-rays have the same elec¬ 
tromagnetic wave nature as ordinary light, it is necessary to demon¬ 
strate that X-rays can be reflected, refracted, diffracted, polarised 
and scattered like ordinary light. Experimental demonstration of 
t use wave characteristics of X-rays started with the positive results 
o tained by Prof. Laue and bis co-workers in their attempt to pro- 
< uee diffraction of X-rays with crystals. These were followed up by 
o < r experiments which convincingly proved that X-rajvs could be 
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he!r?iiP<! rc fracted, polarised and scattered. We shall summarise. 
Y e experiments that bring out clearly the wave nature of 

T 'nip tlVnf^NT^ raCt ?° n ?r ^; ra y s by crystals. It first occurred to 
: f f 1 w * e ^ crs elf might ^provide a sufficiently polished reflect- 

the ° r ~ rc ?^f in Cr ,\ S ^ s * regularity of distribution of 

ivhinB ti in ^ crystal supplies many planes in various directions in 
nrnrliim r^fl * 3 distribution of the atoms may. be sufficient to 

voIvpH t °f X "W 3n s P^ e °f the short wavelength in- 

m ' f uise ' the orderly arrangement of the atoms in a crystal 

n f f L 6 a & ra ^ ln J> ® u stable for the diffraction of X-rays. An 

tin* Lo * 4 .u ac ^ iI0 ? 1 the grating shows that the spacing between 

tu in , ie gating should be of the order of the wavelength of 

• r ^ s llS ^, C ‘ 11 a J?5° un ^ the short wavelength of X-rays which 

J non p 6 ° r + e [u° ^ 8 cm ’ the ordinary grating ruled with about 

with v ineS . ° x> Cni * cannot P r °duce any appreciable diffraction 
IT' 111 a crystal the spacing between the regularly 

n E c a ° 1 ms 1S a hout the same order of 10 8 cm. ; hence the cn^stal 

otn™ eC 1V ° y JP| a y ro ^ e a grating in the case of X-rays, the 

n , \ s , ar ^ an S e d in a regular pattern corresponding to the grating lines 
le ( istance between two atoms to the grating element. A cr}*s- 
to ra ] og ( lffers, however, from the optical grating in one important 
espec , Vi*.., the atomic centres of diffraction in the former are 
io a m one plane but distributed in space, while they are limited 
o one plane in the latter. The crystal is thus a three-dimen- 
tona space grating rather than a two-dimensional plane grating, 
^aue argued that if a narrow pencil of X-rays was made to pass 
^iroug a thin crystal, the diffracted rays should emerge in well- v 
e ne t nections to form a symmetrical pattern of spots on a photo¬ 
graphic plate placed perpendicular to the beam. 


EXPERIMENT OF LAUE, FRIEDRICH AND KNIPPING 

Laue, in collaboration with Friedrich and Knipping, put to 
experimental test the use of crystals to produce diffraction with 

X-rays. A narrow 
beam of X-rays from an 
X-ray tube was. allow¬ 
ed to pass through a 
thin crystal of zinc 
blende (ZnS) and the 
transmitted " beam was 
received on a photo¬ 
graphic plate P (Fig. 
115). After an exposure 
of many hours, it was 

Fig. 115. Laue’s apparatus for the * found On . developing 

diffraction of X-rays. the plate that, in addi- 

■ Y ■ tion to a central black 

spot at O where the direct beam struck the plate, there were many , 
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other fainter spots regular]}' arranged, indicating that the incident 
X-ray beam had been diffracted from the various crystal planes 
exactly in accordance with Laue’s idea. These spots, known as 
Laue spotSy were arranged according to a geometrical pattern depend¬ 
ing upon the particular crystalline system to which the crystal be¬ 
longed, since different Laue patterns were obtained with different 
crystals. 



This remarkable result proved the correctness of the two postu¬ 
lates underlying the experiment : (a) that X-rays are electromagnet it 
waves of definite wavelength like ordinary 
light and (6) that the atoms of a crystal are 
arranged in a regular three-dimensional 
lattice, as may be inferred from the external 
symmetry of crystals. 


1 heory of the crystal grating. 

Since the crystal constitutes a three-dimen¬ 
sional grating, the theory of the Laue spots 
produced by such a grating is bound to be 
very complex. But Prof. W. L. Bragg 
gave a very simple interpretation of the 
diffraction pattern obtained by supposing 
that reflection occurred from the various 
planes of atoms in the crystal. 


Sir Lawrence Bragg 


® ra gg* s law. The atoms in a plane section of a crystal being 
represented as in Fig. 116, different planes perpendicular to that 

section may be drawn as shown 



Fig, 11C, Reflection of X-raya from 
planes of atoms in a crystal. 


by lines AB, CD, EF, Each of 
these planes contains atoms, 
although some planes will be 
richer in atoms than others. 
For instance, there is a greater 
concentration of atoms in the 
plane through AB than in the 
plane through CD. Considering 
a beam of X-rays in the verti¬ 
cally downward direction, at 
each plane of atoms there is a 
partial reflection of X-rays. 
These reflected beams give rise 
to the Laue diffraction pattern. 
The condition under which the 
X-rays will be reflected from 
any one of these planes to pro¬ 
duce an intense spot in the diff¬ 
raction pattern may be derived 
as follows : 
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Consider a series of parallel rows, in which the atoms are 
arranged m a given plane of the crystal, spaced at a distanced 

apart (Fig. 117). Let a 

narrow monochromatic 

beam of X-rays of wave¬ 
length A be incident on this 
plane at a glancing angle 8 . 
Taking any one of the 
layers in the plane of atoms 
on which the X-ray beam 
falls, the atoms become 
centres of disturbance and 
develop spherical wavelets 
whose envelope gives rise to 
the reflected wavefront by 
Huygheivs construction as 
in Optics. Since X-rays 
are much more penetra¬ 
tive than ordinary light it 
becomes necessary to con¬ 
sider the rays reflected not 
from a single layer alone but 
from several layers together. 
At each of them there is only partial reflection and the X-ray beam 
will be completely absorbed only after penetrating a very great 
number of them. Hence we get reflected wave-fronts from each of 
the parallel layers. Now if these reflected wave-fronts are all in the 
same phase they will reinforce themselves and an intense reflected 
beam will result. The condition for the reflected wav'c-fronts to be 
all in the same phase, as we know from Optics, is that the path 
difference between the reflected wave from one layer and that from 
the next must be an exact wavelength or an integral multiple of it 
(wA). Applying these principles to the present case, let us consider 
two parallel rays LMN and OPQ, which are reflected by two 
particles M and P in adjacent layers, P being vertically below M. 
The ray OPQ has a longer path than the ray LMN ; and the path 
difference between them is given by (RP + PS), wh ere R and S are 
the feet of the perpendiculars drawn from M on OP and PQ 
respectively. Whenever this difference in path (RP + PS) is equal 
to nA, the reflected rays will reinforce each other to produce an 
intense spot. Although in the figure the spacings are greatly 
exaggerated, actually the two rays are so close together that they 
produce a single spot on the photographic plate. The condition for 
reflection of X-rays and the consequent production of an intense 
spot is therefore 

RP +- PS = wA. 

From the figure, RP = PS = MP sin 6 — d sin $, since the angle 
of incidence is equal to the angle of reflection, MR and MS are per- 



Fig. 117. Reflection of X-rays from a 
crystal plane—Bragg's law. 
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pendiculars drawn from M on OP and PQ and MP represents the 
space between adjacent layers. 


• * 


nX = 2d sin 6 


This is known as Bragg's law and gives the condition for the reflec¬ 
tion ot X-rays from a series of atomic layers in a given plane. The 
relation is similar to that obtained for the ordinary plane diffraction 
grating. It indicates that for given values of n, A and d there is 
re lection only in a particular direction defined by 6. In other direc¬ 
tions there will be destructive interference. By making n successive¬ 
ly et-iual to 1, 2, 3, etc. a series of values are obtained for 8 for which 
there will be sharp reflections corresponding to the first, second, 
etc. orders. 



It may be noted that it is not necessary for tlie two centres 
of disturbance M and P to lie in adjacent layers and one of them 
3^ ^ 11 ow the other. For, it can be readily shown that any 
two centres ol disturbance, no matter whether they lie two 

adjacent layers or on two layers that are distant from one another 
by several multiples of d y no matter whether they lie in the plane 
of incidence or not, give rise to wavelets which will strengthen one 
another by interference, provided the wavelength and the angle of 

incidence are related to one another by the condition postulated in 
the above relation. 

^ aue S POts. Now we are in a position to explain qualitatively 
the Laue spots. We can consider inside the crystal sets of parallel 
atomic layers in different planes and apply the Bragg relation to each 
set The angle of incidence will be different for the different planes, 
and each set of parallel layers will have its own value for the spacing 
a as seen from Fig. 116. The X-rays that penetrate the crystal will 
0 re ec te from any set of parallel layers onl} r if the incident beam 
contains the particular wavelength which will satisfy the Bragg rcla- 
uni. Now since the X-rays used in the production of Laue spots, 
reing‘‘white radiation”, contain a wide range of wavelengths, differ- 
ent sets of parallel atomic layers reflect the rays of appropriate wave- 

i ^ 8 8 lv ^ n by Bragg s law. Thus several intense spots will be pro- 

mcea on the plate arranged in a regular pattern depending on the 
particular arrangement of the atomic diffraction centres. If it were 

onth/ C ] ° ° J a * nan °pti ca l Laue pattern, the spots would be differ- 
lavi PQ C °i°’ U | rt Since there are comparatively few sets of parallel 

snots in tiV SU ^ cient ^ v * n at °ms, the number of intense 

rancm n f * i (Fraction pattern will be small, in spite of the wide 

at nm * in the incident beam and the large number of 

atoms in the crystal. 

. <l |? raction P aU(irn - thus cxjilained, establishes 
raay l.e no '5 can b f diffracted like ordinary light. It 

X ravs to, i ™° 10 recently direct interference phenomena of 
luog ohtn.irift i ‘lomonstrated. Thus for instance, Larsson in 
9 ° bta,ne ‘ 1 diffraction pattern with a slit (>^ wide analogous to 


272 


THE BEGINNINGS OF ATOMIC PHYSICS 


the optical phenomenon. Linnik with a Lloyd’s mirror arrangement 
has been able to produce interference fringes. Thin-film-interference 
fringes have also been obtained. 

(2) Reflection of X-rays. Bragg’s relation n\ = 2d sin 0 is 
based on the assumption that X-rays are reflected by the regularly 
arranged parallel layers of atoms in a crj^stal. If that equation is 
directly verified by experiment, it would readily follow that X-rays 
are reflected like ordinary light. Bragg undertook this task and 
devised an apparatus known as the crystal X-ray spectrometer , where 
the crystal was used not as a transmission grating, as in Laue’s 
experiment, but as a reflection grating. 


Bragg’s X-ray spectrometer is represented diagrammatical* 
ly in Fig 118. It is similar in form to the ordinary optical spec¬ 
trometer consisting of 
three parts, viz,, a source 
of X-rays, a crystal 
held on a circular table 
which is graduated and 
provided with vernier 
and a detecting device. 
X-rays from an X-ray 
tube are made to pass 
through two narrow lead 
slits and S 2 and there¬ 
by collimated into a 
narrow beam. This fine 
pencil is allowed to fall 
on a cleavage face of a 
crystal mounted on the circular table T which can rotate about 
a vertical axis, its angular position being determined accurately by 
the vernier V. The choice of the crystal depends upon several 
factors, such as the range of wavelengths to be used, the reflecting 
power of the crystal and the case with which a good surface can be 
obtained. The crystals ordinarily used are rock-salt, calcite, mica 
and quartz. An arm R rotating about the same axis as the crysta 
table carries an ionisation chamber I ; the position of this arm ■ 
be determined by a second vernier, not shown in the figure. e 
degree of ionisation in the chamber and consequently the intensity o 
the X-ray beam that enters the chamber is measured by an electro¬ 
meter E. In order to efficiently absorb the X-rays that enter e 
chamber, the gas ordinarily used is S0 2 ; methyl bromide is, how ¬ 
ever, utilised when hard X-rays are analysed. A third slit 3 is 
used as protection against stray scattered radiation. If the beam o 
X-rays is incident on the face of the crystal at a glancing angle 6, ® 

reflected beam will make an angle 20 with the direction of the mciden 
beam. Hence, if the arm containing the ionisation chamber is set in 
this direction, it will receive the reflected beam whose intensity can 
then be accurately measured by the rate of deflection of the needle o 



Fig. 118. Bragg X-ray spectrometer* 


X-RAYS 


273 


the electrometer. The ionisation chamber is replaced by a camera if 
photographic recording is desired. 

Theory. Considering a homogeneous incident beam of X-rays, 
i.e. y of a single wavelength A, and using a given plane or face of the 
crysta , it is evident that, if Bragg s relation is true, intense reflec¬ 
tions will occur for certain specified glancing angles 0 ., 0 .>, 0 . etc., 
according as n assumes values 1 , 2 , 3 , etc., given by : 

A = 2 d sin 0 j for n — 1 , 

2A = 2d sin 0 > for n — 2, 

-riM J 

3A ~ 2d sin 0 3 for n ~ 3 , etc. 

n r ,77. we have the 1st, 2nd, 3rd order reflections respective¬ 

ly. lhese relations show that 

sin 0 2 : sin 0 2 : sin 0 3 : : 1 : 2:3 

Hence measuring the glancing angles at which reflection occurs from 

ace c / ysta ^’ above proportionality is verified, the 

n°; Bra ^ 8 ^^ory, viz., that X-rays arc reflected like ordi¬ 
nary light, gets proved. 

incident beam is not homogeneous but consists of several 
cula■ a % ,n , a beam direct from an Xrav tube, at each parti- 

satisfips T* n ^ p rysta :^ on ^y tbe particular wavelength A which 

other wavp^ gg fl re a ^ l ! Ml wdl bc reflected. As the crystal is rotated 
this wav <l S W1 b ° re ^ e 5^ od » always subject to Bragg’s law. In 

nosite Vurht s P ec ^ 7 um will be obtained, as with ordinary com- 

n asmim!L a cf 6 s P? ctrum ma y consist of several orders, according as 

spectrum Ulte ^ ral va * ues - 1 f » = 1 , we get the first order 

1 um,?i — 2 , second order spectrum, and so on. 

through noted that fur a beam of X-rays to be reflected 

the atomic | Gasura o angle it is necessary that the distance d between 
0 oc sin A J^foY 1 c .^st a l*hall not be great compared to A, since 
small Soffit and if d is great compared with A, $ will be very 

for selectin^ n Can obtained from crystallographic studies 

^selecting suitable crystals with values for d about the same order 

for the ^noiA* 1 l pwcedure. Starting with a small glancing angle 0 
table T the h * eam ’ which can be obtained by rotating the crystal 

18 ? Q ? Cted fr ° ra thc cr ^ stal fa ^ a » d enters" the 
rate of deflor.ti an an o^ e 20 to the incident direction. The 

of the intensity "oft h e ^efieL- ted' hea m e Tp tr ° 7 eter is thc . n a meas " rc 

SXlb' r d K le S5 4 £ 'care W 

the ^:,rK?ur„r ber through twice the angie thr ° ugh ^ 
18 
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The intensity of ionisation is plotted against the different values 
of the glancing angle. The curve obtained has the form shown 

in Fig. 119 and is called an 
X-ray spectrum . It is seen 
that only for certain values 
of 9 the intensity of the re¬ 
flected beam swells out as 
indicated by the sharp maxi¬ 
ma. In the whereabouts of 
a given angle, say 9 V 9% or 
0 3 , there are more than one 
maximum—two, A^Bj, A 2 B 2 » 
A 3 B 3 , in the figure. These 
maxima are due to X-rays of 
two different wavelengths 
contained in the incident 
heterogeneous beam from 
the X-ray tube. 

Taking only the prominent peaks Ai, A 2 , A 3 , the glancing angles 
corresponding to them 0 19 0 2 , 0 3 can be obtained from the graph. It is 
found that sin 9 } : sin $ 2 : sin 0 3 : : 1:2:3 nearly, which shows that 
the peaks Aj, A 2 , A 3 refer to the first, second and third order 
reflections respectively. In a similar manner, measuring the angles 
corresponding to the smaller peaks B,, B 2 , B 3 , the same proportiona¬ 
lity between the sines of these angles is found. Using Bragg’s relation 
it can be shown that A I , A 2 and A 3 refer to X-rays of the same 
wavelength ; likewise B ]} B 2 and B 3 . Evidently A^ belongs to the 
first order spectrum, A 2 B 2 to the second order and so on. 

It is to be noted that :— 

(a) the intensity of the reflected ray diminishes as the order of 
the spectrum increases ; 

(b) the positions of the peaks depend on the metal used for the 
target in the X-ray tube, on the crystal employed and on the parti¬ 
cular face reflecting the X-rays. This shows that each metal target 
has its own characteristic radiations and each crystal as well as each 
reflecting plane of the crystal have their own proper grating space ; 

(c) the intensity of the reflected beam never falls to zero but 
only to a- minimum value, thus indicating the presence of a 
continuous spectrum on which the characteristic line spectrum is 
superposed 

Of these characteristic and continuous X-ray spectra we shall 
speak later. The fact that interests us now is that Bragg, experi¬ 
mentally verifying the relation n\ 2 d sin 9 with his crystal 
spectrometer in the manner described above, was able to prove that 
X-rays obey the ordinary laws of reflection of light. 

(3) Refraction of X-rays. From the time of Roentgen, 
many researches were made with the object of getting evidence of 




Y 
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refraction of X-rays, but no convincing results were obtained until 
the advent of Bragg’s law and the introduction of the crystal X-ray 
spectrometer in 1013. It was only in 1919 that Stenstroem was able 
to show from accurate measurements of wavelengths that the 
equation nX = 2d sin 6 did not yield the same value of X when 
the wavelength of a monochromatic beam is computed from the 
different orders of reflection. This discrepancy, he attributed, as 
Darwin had already suggested, to the refraction of the X-rays on 
entering and leaving the crystal. 

According to Bragg’s law sin 6/n = \!2d should be a constant 
for all orders of the spectrum. But supposing there is refraction of 
the radiation on entering or leaving the crystal, the wavelength will 
not be the same inside the crystal as outside and sin 9 / n will no 
longer be constant. The value of sin 6 / n could therefore he ex¬ 
pressed in the form : log (sin 9 / n) = A + B/a 2 where A and B are 
constants and A = log (Xj2d). Tins relation shows that the value of 
log (sin 6 I n) approaches a 1 imit for high values of n y when the 
term B jn 2 becomes negligible and we get back Bragg’s equation. 


Knipping, however, in 1920, objected to this interpretation and 
argued that the experimentally observed differences in the value of A 
can be explained on the 


Y 


basis of the special 
arrangement of the atoms 
in the crystal. But care¬ 
ful investigation of Hjal- 
inar (1923), who, using 
the crystal grating photo¬ 
graphic method, was able 
to measure wavelength 
up to the tenth order, 
completely confirmed the 
experimental finding 
and interpretation of 
otenstroem. Plotting 
°g (sin 6In) against n 
h?p the data obtained 

1 jahttar a curve as shown in Fig. 120 resulted. It is seen that for 

valti^ U6S * n & I n becomes a constant, while for lower 
the theor 61 * 0 ^ Viln ati0n in the value of sin 6 / n as predicted by 



provc^H?^ 8 * 01 * Tneasurenien t s of Duane and Patterson, and Siegbahn 
of ■ e ex,8 t e nce of the same effect in the lower orders for X-rays 

OI tedium wavelength. 

due to^th^ a *l ure the Bragg’s law having thus been shown to be 

step was t r ^ rac ^ 10n °f X-rays when they enter the crystal, the next 

tion and d° 4 . e more precisely the nature and extent of the refrac- 
n and Ermine the refractive index /z. 
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Nature of the refraction of X-rays. Considering the surface 
Ia} r er of a crystal on which an X-ray of wavelength A (in vacuum) is 



Fig. 121. Refraction of X-rays. 


incident, let 0 be the glancing 
angle (Fig. 121). As the ray 
enters the crystal it is refracted 
so that the angle of incidence at 
the inner layers is not the same 
as that at the surface layer. 
Taking the layer immediately 
below the surface the glancing 
angle at that layer will not be 0 
but 0', and the Bragg’s law for 
reflection at that layer is 


wA' = 2d sin 0' •♦*(!) 

where A is the wavelength in the crystal. The deviations from 
s ^w, as experimentally observed, show that 0 / is less than 0, 

which means that the ray is bent away from the normal upon pene¬ 
trating the crystal. 

By the ordinary laws of Optics, 


_ A sin i 

A' sin r 


cos 0 
cos 0' 


1 



since r is greater than i, and 0 and O' are complementary angles of i 
and r respectively. 


The refractive index for X-rays is thus less than unity, while 
for ordinary light it is greater than unity. Experiment shows that 
M does not differ appreciably from unity. 

s relation is modified to include the refraction effect as 
follows :—Using the relations (2), equation (*1) can be written as 


nX 



— cos 2 0') 1 / 2 


■ * 


nX 


2 dp 

= -— (ft 2 — COS 2 0 )l -/2 

ft 

= 2d {/a 2 — (1 — sin 2 0)} 1 


12 


— 2d sin 0 4 1 




2Mt2 


sm 2 0 


Since ft is very nearly equal to unity, (1 +^) — 2 very nearly and 


nX = 2d sin 0^1 
Putting 5 = 1 — p, wA = 2 d sin 0^1 


1 - /* ) 
sin 2 0 J 


J 

sin 2 0 
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w 


is Bragg s relation corrected for refraction, $ being the observ 
ed glancing angle obtained directly from experiment. 


Using the uncorrected relation, sin 2 0 


nX = 2 d sin 0 


1 


n 2 \ 2 
4 d 2 

4 <1*8 
n 2 X 2 


which shows that the correction term (4<2 2 8 /h, 2 A 2 ) decreases as n in¬ 
creases for a given value of A, so that Bragg’s ordinary relation holds 
for higher values of n. 

(4) Total reflection of X-rays. Since the refractive index of 
a matem] medium for X-rays is less than unity, it is evident that the 
,f 1 1 i J ' inehh-m n the surface of a substance is analogous to 
_ie case of light passing from an optically denser to a rarer medium. 

ence there should be a critical angle beyond which total reflection 
wi ake place. Sucli an efi:ect was observed by Compton in 1922. 
rays of wavelength 1*28 A° were totally reflected from a glass mir- 
J’ t> glancing angle being very small, about 25 minutes of 

® elo ' v this glancing angle, nearly 90% of the incident beam 
a ren ec t e( i Since so large a fraction of the incident radiation suffers 

limit* 1 i° n at glancing angles, X-rays should exhibit, within this 

I e< angular range, interference phenomena similar to those 

0 r„r e opt ! call J\ 4 s a matter of fact, a ruled grating, which for 

a ? lgies °* incidence cannot produce diffraction of X-rays, for 

nf y 118 gl y en above, lias been found to exhibit diffraction spectra 
01 X-rays for grazing incidence. 

EXPERIMENTAL METHODS OF MEASURING fjL FOR X-RAYS 

determ,\ e J U . fra r tive h ? diccs of material media for X-rays have been 
determined by four principal methods : - 

reflection Q-ppu-rent wavelength with order in the crystalline 

qu U8ed bv Stenstroem in 1919 was the first to yield 

involved i« 1 1 ln /°f? la * lon 0,1 X-ray refractive indices. The principle 

X-rav lint Ai ” Lhe a PI'. arcnt wavelengths A, and A* of a given 
flection x , le measured in two different orders /i, and n, oi re- 
,0n ' d car » l>e calculated from the expression : 


_ Aj - A 


/(•> 


2 

a# 


Uo 

*-* 


2 


, •• tt, 2 — 

follows*_s formula. This relation may be derived as 


• sin 2 0 X 


* rom uncorrected Bragg relation 

% 1 A 1 = 2d sin 0, 

w 2 A 2 = 2d sin 0 2 


.. .( 1 ) 
...( 2 ) 
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Using the corrected Bragg relation 

n x X = 2d sin 


in e x ^ 


1 


n 2 A = 2d sin Q 2 l 1 


sin 2 0 

8 


sin 2 6 



.*.( 3 ) 


..'.(4) 


Dividing (1) by (3), we get 


1 


1 


«-»( 


Similarly from (2) and (4), we get 



sin 2 By ) 

a_ 

8 ) 

\ 

sin 2 By ) 

l -+* 

3 

sin 2 By 

t 

+ 



) approximately. 


.,.(5) 


* * 


A i 


A, 


= - 

\ sm 2 6 j sin 3 


e. 






Since A x and A> differ very little from A we may write eqns. (1) and 
(2) in the form 

1 / 2d y 1 

IT) '71* 


1 


sin 2 B ! 

1 

sin 2 6 2 

1 


sin 2 0 X sin 2 0 2 \ A 

Substituting this in cqn.(7) 


\ A / n 2 2 

■y-u 





A 1 \ «!* n 2 

Again, since A find A, arc very nearly th6 same. 


2d 


2d 


n 


sin t?, 


from eqn. (1) 


a.-a 2 = a s(-,\ y. ) 

1 \ sin 6 X ) \ n,- n 2 2 / 


5 - 


A, 


* 2 * 


O 


to , 2 


, sin 2 By 


The variations in the apparent wavelengths of X-ray lines when 
reflected in various orders from sugar crystals were measured and o 
was calculated from the above relation, Stenstroem obtained positive 
val ues of 5, which showed that u — 1 — £ was less than unity. 
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Since the variation of wavelength with order observed by this 
method is very small, accurate results are not possible. But Bergen 
Davis in 1924 introduced an interesting modification of this method 
leading to very accurate measurements of S, which may be consider¬ 
ed as a second method of measuring /x. 


(ii) Crystal wedge method. The principle of the method is to 
increase greatly the small refraction effect by cutting the surface of 
the crystal at an angle to the reflecting planes which is very nearly 
the Bragg angle for the wavelength used. 

An artificially polished plane face is cut on the crystal so that 
the angle 9 between the face and the reflecting planes is very nearly 
the Bragg angle 6 for the wave¬ 
length used (Fig. 122 ). With such ^ 



an arrangement the incident ray 
will make a very small angle with 
the surface, which means that the 
ray on entering the crystal will be 
changed in direction due to refrac¬ 
tion much more than would be the 
case if the surface were parallel to 
the reflecting planes. The incident 
ray AB in consequence makes a 
different angle with the normal 
planes than does the refracted ray 
CD ; in other words there is lack 
of symmetry of the incident and 
diffracted rays about this normal, in contrast to the ordinary case 
w \ere the surface is parallel to the reflecting planes. This lack of 
symmetry can bo detected by rotation of either the crystal or the 
source and detector of the rays about NN' ; in either case it will be 
ound that a rotation different from 180 J is required to obtain reflee- 
lon. From this measured difference and the known angle 9 , § and 
ence p can be computed. This method is one of high accuracy 

since the glancing angle in crystalline reflection can be measured with 
great precision. 


Fitr. 122. 


The crystal wedge 
method. 


(iu) Total reflection method . One of the first measurements 
0 for X-rays by this method was made by Compton in 1923 and 
since then, many others, such as Doan, Siegbahn and Thibaud, have 

^ P r * nc M^ e °f this method is that, /x for X-rays be- 

eSs than unity, there is a critical glancing angle for X-rays inci- 

tn^i ° n a 1 ! nateriai medium, below -which total reflection, external 
thp ^ i' Um ’ ta ^ e place. If 6 C be this critical glancing angle, 
rav C0 .??P erQen ^ ar y critical angle of incidence i t . beyond which the 
thp ^' e t0tail ^ re fl°cted is related to the refractive index ft- of 

according to the usual law of Optics, by the expression 


M = sin i 


cos 6 
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Since /x is very nearly equal to unity, 0 C is very small and hence 

/ A V A 


M = 1 — 2 


Oc 


= 1 


9 C 2 

2 


* * 


0, r 2 

~2 


— (1 — /x) = 8 . 


— \/2b —- \/2 (i 
Measuring 0 CJ can be calculated. 
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cal 3 1 anPi nfr^Tr. !,T e 'i tal ai ' ran g enien t for the measurement ot tfte criti¬ 
cal glancing angle 0, is shown in Fig. 123. A beam of X-rays from 

the target T of an X-ray tube 

* 1 /—l m . r ■* _ _ _ _. .A. 1. _ _ _1 _ 1 * A_ 


s 2 
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atter passing through a slit 
Sj falls on a crystal C by 
means of which a character¬ 
istic X-ray beam of a parti¬ 
cular wavelength is obtained. 
This beam collimated by 
another slit S 2 is made to 


f fall on the highly polished plane 

sur ace * 1 01 the material at a very small glancing angle. . If this 

ang e is ess than the critical angle d Ci the beam will be totally re- 

ec ^ ec ar J c ^ can ina< ^ e to fall on a photographic plate. As M is 
ro ated slowly during an exposure, the beam will continue to be re- 
ec e until Q c is reached, after which the beam will bo refracted into 
material so that the intensity of the reflected beam becomes zero. 
1 ms critical angle 6 C is readily obtained from the photographic record, 
by measuring the distance between the point O corresponding to the 
irect beam and the extreme point Q of the reflected beam. 

This method is not limited to crystalline substances alone as 
m the previous methods ; glass and any metal can be used ; the 
metals under study are sputtered on a highly polished optical glass 
surface. But the accuracy of the results obtained is not high, since 
the very small critical angle of the order of a few minutes of arc 
will be sharply defined for any given wavelength, only if the absorp¬ 
tion of X-rays of that wavelength in the medium is negligible, which 
is by no means the case of X-rays, chiefly )f longer wavelengths. 


(iv) Prismatic refraction method . This may be considered as 
a direct method of measuring p, since the ra 3 's are directly refracted 
by prisms. But due to the very small difference between the re¬ 
fractive index of air and that of solids, measurement of the small 
deviation of the ray refracted by a prism is not easy, and hence 
early attempts in this direction by Roentgen, Barkla and others 
gave no positive results. In 1924, however, Siegbahn, Larsson and 
Waller were able to detect and measure the prismatic deviation of 
X-rays. Since then, other workers have employed the method with 
great success and obtained results of a very high order of accuracy 
of 1 part in 10 , 000 , chiefly by improving the technique of the method. 

The general principle involved is schematically shown in Fig. 
124. A narrow beam of X-rays from an X-ray tube is made to fall on 
one face of a prism of very large angle almost at its edge and at near- 
.Y grazing incidence. The emergent beam is received on a photogra- 
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phic plate. Since /* < 1 , 
the base of the prism 
make the refractive 
effect as pronounced as 
possible. The deviation 
is greatest when the 
glancing angle of the 
incident beam is very 
near the critical angle 
of total reflection. 
Hence the softer 
ponents of 


com- u 

the beam _ x ‘ koajJ _ _ 

will be totally reflected | ^— \ ^ 

instead of being refrac- &vumr \ 

ted. The refracted 
beam is spread out into 
spectrum owing to the 

composite nature of v , 0( ,, . . _ . , , 

the incident beam and S * ■ 1 ns.nat.c refraction method 

nlatr^^wfn 0 ^^ x ' rays can thus he obtained. On the photogra 
in tho * i / e in ? . traces of the refracted and reflected rays are f 

obSnS^i P ° 9 riu n ^ V th res P ect to the trace of the direct l 

beam ffivoQ 1 /i? U ? e P r / sr o. Analysis of the traces of the refra 

them ^Voin . deviatl0ns ancl wavelengths of the rays that i 
, rom which fx of the material of the prism can be calculate 

disenJArLr? Catt * C i riI1S ,?^ ?" rays * The scattering of X-rays was 
uiscovered accidenta v W t> __ . 
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°* Uave ^ en gth, i.e the scattered light has 
a wavelength different from that of the incident light. The former 

^ype can e explained on the basis of the classical electromagnetic 

^eory an as ed to a satisfactory explanation of phenomena, such 

as dispersion caused by the interference of the incident and scattered 

waves, i raction resulting from the interference of the scattered 

waves a one, Rayleigh s scattering and the blue of the sk}' resulting 

rom ensity fluctuations of a heterogeneous medium which scatters 

e +u 1Ve C m C * . ^ ie secon d type of scattering, viz , incoherent, met 
es P ecia l{y Baman effect, can be adequately explained only on 
c o the quantum theory involving corpuscular properties of 
ngnt and has led to very precise information! about the chemical 
constitution and internal structure of molecules. 


These two types of scattering occur with X-rays also. There 
is coherent scattering of X-rays fully understood on classical 
principles, which leads to diffraction effects with crystal gratings, 
an incoherent scattering of X-rays, usually called the Compton effect , 
w nch can be adequately explained only on quantum principles as in 
tie < ase of light. On account of the much shorter wavelength of 
X-rays the information obtained by their scattering regarding 
molecules, atoms and electrons is much more precise and detailed 
than that given by ordinary scattered light. Thus, for example, 
from the intensity of scattered X-rays the number of electrons in an 
atom can be accurately calculated. Their diffraction by crystals, 
which is a special case of scattering, has made possible the precise 
study of the arrangement of atoms in solids. Similarly investigations 
of the scattering of X-rays by liquids are giving us new information 
about .the arrangement of the atoms in molecules and from the 
scattering by gases w'e are learning the distribution of the electrons 
in the atoms themselves. 


Very often along with the scattering of light another pheno¬ 
menon, known as ‘ jhtoresc€?ice \ first discovered by Stokes, also occurs. 
Scattered radiation is readily distinguised from the fluorescent 
radiation b} r the fact that while the wavelength of scattered rays 
depends upon that of the primary beam and is nearly independent 
of the scatterer, the wavelength of the fluorescent raj’s is character¬ 
istic of the scatterer and independent of the wavelength of the 
primary beam, as long as this is of sufficiently stort wavelength to 
excite the fluorescence. This phenomenon can be adequately ex¬ 
plained only on the quantum theory and has given valuable infor¬ 
mation about the electronic structure associated with the molecules 
of the radiator. In a similar manner, X-ray scattering also is 
accompanied by the fhiorescent X-rays, ordinarily known as charac¬ 
teristic X-rays, which throw light on the different energy states of 
excited atoms and thus are an invaluable tool for investigating the 
more intimate aspects of matter. 

(6) Polarisation of X-rays. An important and final test in 
establishing the similarity of X-rays with light is the phenomenon 
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of polarisation, which arises trom the fact that light is due to 
transverse vibrations in ether according to the older classical idea 
or that the electric vector is 
perpendicular to the direction 
of propagation according to 
the more recent electromag¬ 
netic theory. Can X-rays be 
polarised like ordinary light ? 

Roentgen failing to polarise 
X-rays was forced to admit 
for a timo that X-rays arise 
from longitudinal vibrations 
in ether. But Barlcla was 
able to demonstrate clearly 
in 1906 that X-rays can be 
polarised like light and hence 
they are also transverse 
waves. The argument of 

Barkla’s test may be stated in Fig. 12G. Arrangement for domonstrat- 
a simple manner as foil ows : ing the polarisation of X-rays. 

Let a beam of X-rays travelling parallel to the direction OX 
(Fig. 126) strike a scatterer at S. which will scatter the incident 
-rays in all directions. By using a slit arrangement let a beam in 
the direction YO which is perpendicular to OX be isolated, and let it 
he made to strike a second scatterer S 2 at O, which also scatters the 
-rays. If the intensities of the scattered beam are measured in 
the directions OX and OZ, it is found that it is a maximum along OX 
while it is nearly zero along OZ. The beam YO is therefore polarised, 
the scatterer acting as polariser and S 2 as analyser. 

Barkla using blocks of carbon to produce the scattering and 
ionisation chambers to measure the intensities of the scattered radia¬ 
tions found the ionisation in the cham¬ 
ber placed along the X-direction far more 
intense than in the other placed along the 
Z-direction. The difficulty in these ex¬ 
periments t was that the intensity of the 
beam obtained from the second scatterer 
was very small and consequently wide 
apertures had to be used for the •cham¬ 
bers, with the result that the chambers 
were receiving rays which might have 
been scattered at angles different from 
90°. Also to - obtain appreciable inten¬ 
sity the scattering sheets were to be thick 
\ and so the effects of the interaction of 
the scattered rays in the different depths 
was a disturbing factor. In spite of 
these drawbacks, Barkla was able to 
show that the secondary beam YO was 




Prof. Barkla 
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at least 10 /0 polarised. In 1924 Compton and Hagenow repeated the 
experiment with improved technique. A very intense primary beam 
° aine( l from a tungsten target X-ray tube operated at about 130,000 
s . was which permitted, first, better collimation and greater 
( e nition of the scattering angle and, secondly, the use of very thin 
scatterers sucli as paper, carbon, aluminium, etc., which reduced 
multiple scattering, t.e., successive scatterings at angles other than 
•H). With these improvements it was clearly established that the 

po ansation of the secondary beam was complete, within the limits 
of experimental error. 

Barkla, analysing directly the primary beam from the X-rav 
tube found that it was only partially polarised, about 20%. This 
\\a>s confirmed latter by other workers and it was found that the 
polarisation was more complete, if the beam was filtered to remove 
the softer components, as also if thin targets were used. Further, 
an increase in the speed of the electrons of the parent cathode beam 
reduced the amount of polarisation. All these facts found a ready 
interpretation on the basis of the classical electromagnetic theory of 
the production of X-raj^s—as we shall see below. 

The researches made on the reflection, refraction, scattering 
and polarisation of X-rays thus established a complete bridge between 
the properties of X-rays and of light. If X-rays are therefore of the 
same wave nature as light, they must be characterised by the 
quantity known as the wavelength which one must be able to measure 
experimentally. This has been done to a very high degree of 
accuracy and we shall briefly summarise here the essential features 

of two of the important methods used in the determination of X-ray 
wavelengths. 

EXPERIMENTAL DETERMINATION OF THE WAVELENGTH OF X-RAYS 

The two chief methods employed for an accurate determination 
of X-ray wavelengths are ;— 

(t) the crystal X-ray spectrometer ; 

(«) the ruled grating X-ray spectrograph. 

- CRYSTAL X-RAY SPECTROMETER 

There exist various kinds of the crystal X-ray spectrometer, but 
the essential features of all of them are the same as in the one devis¬ 
ed by Bragg and the fundamental law applied to all of them is the 
same Bragg’s relation nX = 2 d sin 6. Several improvements and 
modifications in design and operation, however, have been introduc¬ 
ed in the original Bragg type, in order to obtain results with ease 
and precision. These improvements concern chiefly the detecting 
device, the nature and shape of the crystal used and the mode of 
operation. We shall give here the main principle involved and a 
brief description of the different types. 

Principle. In the relation nX = 2d sin 8 if the angle 8 for any 
given order be measured and if d, the grating space of the crystal for 



any given face is found, A can be calculated. We have already seen 
how $ can be experimentally measured with the crystal spectro- 
,IH 'f Kragg type with an ionisation chamber. The value of 

d of the crystal used is obtained as follows Taking, for instance, a 
crystal of rock-salt (NaCl), it is known from crystallographic studies 

that it belongs to a sufficiently simple cubic system, where the Na 

and Cl ions occupy alternate positions at the corners of elementary 
cubes in the cubic lattice characteristic ot the crystal. Since d repre¬ 
sents the side of each elementary cube, the volume of each cube — r/ 3 . 
Hence the mass of each cube = ptf 3 , where p is the density of the 
crysta . If M is the molecular weight of NaCl and N the Avogadro’s 
number, since there are 2N ions or diffracting centres, ?.e., N^ions of 
iNa and N ions of Cl in a gram molecule, the mass associated with 

• 1 W/2N. As there is only one ion for 1 each elementary 

cube in the system, either Na or Cl 


p </ 3 = 



j 


.*. d 


Knowing M, N 
M = 



and p, d can be found. Thus for NaCl, 

+ 35*5 = 58*5, N — 6*00 x 10 23 and p 

58*5 V/a 


- 217. 


d = 


2 x 6-06 x 10 23 x 2 17 


= 2*81 x 10" 8 cm. 

Using NaCl crystal, if the glancing angle for the first order (i.e., 

y * 18 8 > as experimentally found, the wavelength of the 

A-rays used is given by 

A. = 2 x 2-81 x lO- 8 x sin 11-8° 

= 2 x 2-81 x 10-8 x o-204 = 1 15 x 10' 8 cm. 
= 115 A.U. 

follow?n« 8 ^™^*° n wave lengths of X-rays by this method, the 
ioiiowing points are worthy of note : - 

rock salt 'n^ 6 n\\ an ^ arl ^ “Q ra ^ n g space". In the early experiments 
crystal iiaH c p.' staI . w &s used. But it was soon found that this 

accurate wort! e htr ^ ctur f.’ . was n ° t wel1 suited for eve ry 

of smaller * i 0I * , ^ 18 8 0nera lly ill-formed, consisting of a mass 

the def#>nf u S -* ltn P er ^ ec tly aligned with each other ; it has also 

crystal anH *° ein S hygroscopic. Calcite (CaC 0 3 ) is a much better 

It has fchft^r 8 m ? re rea( idy obtainable as good, large, single crystals. 

obtained hv° re acce Pt ec ^ ^ or practical use and its grating space, 

crystal* r cJ care ^ u l comparisons made between it and rock-salt 

standard i monoc hromatic X-rays has been adopted as the 
^naard, having the value of 3 0356 x 10' 8 cm. 

sureinent X~ ra V wavelengths. In the early days of the mea- 

pedient tr, Q i ra ? wave ^ en gths by crystal grating, it was found ox- 

'vhieh wav , { °P t a 130 ' v unit of length, called the X-unit or X.U , 

er * v nea rly 10" 11 cm., but accurately defined by taking 
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the grating .space of Nad as 2814*00 X.U. Even when calcitc was 
accepted as the best crystal for practical use, the standard unit for 
wavelengths in terms of the grating space of NaCl was not changed. 
More recently, however, it has been found that there was uncertainty 
in the determination of the grating spaeo of anv crystal, since d 
depends on the value of M, N and p, which cannot be determined to 
an accuracy greater than about 0*1 0 / o . This means an uncertainty 
in the value of d and hence in the value of A of 1 in 3,000. Further¬ 
more, it has been found possible to measure X-ray wavelengths with 
great precision bv means of ordinary ruled gratings, the grating 
space of whic h can be measmed directly with great accuracy, so 
that no assumptions as to the structure of the crystal or as to the 
values of N and p are involved. Under these circumstances, the old 
definition of the X.U. loses all its advantages and it is preferable to 
redefine it as being exactly equal to 10 11 cm. 

(Hi) Corrections to be applied. There are two important correc¬ 
tions which have to be made when X-ray wavelengths are measured 

3 ^ ^ ^ u 1^ 1 in 100,000 with the crystal grating. First 

on account of the thermal expansion of crystals, the value of d will 
vary with temperature and correction must be made if the tempera¬ 
ture of the experiment differs from 18°C, which is the temperature to 
which grating spaces are usually referred. Secondly, correction for 
the refraction of X-rays, given by the relation : 


nX = 2c? sin 6 ( 1 — ^ 

\ sin 2 8 ) 

has to be attended to, chiefly when the first few orders alone are 
considered. 


Different types of crystal spectrometer. (1) Bragg 9 s 
tontsahon spectrometer . We have already described this apparatus. 
The first reliable value of the wavelength of X-rays was obtained by 
Bragg with this instrument. It is a direct and simple method in so 
far as all measurements are made directly on the angular scale of the 
crystal table ; high precision in the horizontal adjustment is not 
necessary and no linear distances are to be measured. The chief 
limitations of this method are :— (a) low resolving power : to increase 
the resolving power the slits must be made so narrow that the inten¬ 
sity of the X-ray beam passing through them becomes too small for 
convenient measurement ; ( b ) a somewhat tedious method : dozens and 
perhaps hundreds of electrometer readings must be taken in order to 
plot the X-ray spectrum curve. 

(2) Maurice de Broglie 9 s rotating crystal method. This method, 
first introduced by M. De Broglie, has proved in the hands of 
Siegbahn and his co-workers to be one of the highest precision The 
two essential features of this method, which are also its merits, 
are : — (a) the crystal is rocked to and fro by a clock work mechanism 
through a range of a few degrees ; (6) a fixed photographic plate 
replaces the ionisation chamber. 
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With the crystal being rocket to and fro about an axis which 
lies on the reflecting surface by an automatic clockwork arrange¬ 
ment, whenever the cr} r stal passes through ^ 

an angle appropriate to the reflection of an 

X-ray of particular wevelength, that ray is Jgb \ 

reflected on to the photographic plate and a fflEgS// \ 

dark tnace is produced. As the crystal _ / 

rotates slowly the different parts of the 

X-ray spectrum with the continuous back- ffl || 

ground and the lines of characteristic xmL / 

wavelengths are neatly recorded on the / 

plate. The‘rocking of the crystal to and v 

fro about a glancing angle intensifies the ’KL *5y 

impression of the traces on the plate. The 

rotating crystal device makes also the 

small disturbing imperfections of the crys- 

tal to disappear completely. 

The use of a photographic plate is Maurice <le Broglie 

certainly to be preferred to the ionisation 

chamber on account of the many drawbacks involved in the latter, 
such as tediousness in obtaining necessary data, the complexity of 
the phenomenon that takes place in the gas of the chamber under 
the action of X-rays, the difficulty of obtaining a simple relation 
between the currents observed and the intensities of the rays etc. 
The plate is usually wrapped in a double laver of hlark nan«r tn urn. 
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Coolidge X-ray tube, C the crystal and W the wedge of lead. X-rays 
are incident on the face of the crystal just under the wedge at glanc¬ 
ing angles between LQR and MQR. If this range of angles includes 
the angle of reflection for a line in the spectrum of the target such as 
OQR this line will be strongly reflected in the direction QN and 
falling on a photographic film P, will make a trace at N. If the 
incident conical beam includes also the directions at which other 
lines are reflected by the crystal, traces corresponding to these also 
appear on the film. Rotating, by means of a clockwork, the appa¬ 
ratus as a whole with the photographic film included, a wide range 
of spectral lines can be easily photographed within the very short 
time of a few minutes. This method has been found useful also for 
obtaining the X-rav spectrum of an unknown substance which 
is placed on the target, and measuring the wavelengths by compari¬ 
son with the traces of a known substance recorded on the same film. 


(4) Rutherford's transmission spectrograph is well suited for 
measuring the short wavelengths of highly penetrating X-rays. 
Taking Bragg’s relation nX = 2d sin 6 , we see that for a given value 
of d, if A be very small, 6 becomes also very small, hence difficult to 
be measured accurately. On the other hand, d cannot be reduced in¬ 
definitely even by the choice of a proper crystal. In fact for X-ra}’S 
of wavelengths less than 0*1 A°, measurements can be made only with 
difficulty by means of crystal diffraction, for the lattice constant is 
too coarse in all crystals for such rays. Another difficulty also arises 
on account of the very large penetrating power of such hard X-rays. 
The deep penetration of the rays into the crystal deprives the exter¬ 
nal surface of its exact significance as a reflecting plane and shifts the 
effective reflecting surface into the interior of the crystal. This 
involves an error in the calculation of the glancing angles, which 
becomes the more important the smaller the quantity measured. 


Rutherford overcame these difficulties with his transmission 
spectrograph in the measurement of short wavelengths of the order 

of 0*1 to 0*5 A°. The 

apparatus is shown dia¬ 
grammatical ly in Fig. 
128. If a thin and fix¬ 
ed crystal C is placed 
perpendicular to the 
path of a slightly diver¬ 
ging pencil of X-rays, 
selective reflection takes 
place in the interior of 
the crystal at atomic 
layers such as MN paral¬ 



lel ta the axis of the pencil. All the fays that are reflected thus se¬ 
lectively at the same angle $, after emerging from the costal, re¬ 
unite at a point O. The rays will then diverage out from O and 
record themselves at B and B' on a photographic plate PP. If the 
source R is a slit, a series of symmetric lines will be obtained. The 
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prolongation of the path of the rays before reflection^ will reach the 

plate at A and A' and the plate will be unaffected at these places 

and clear lines will be distinguishable. The central spot can also be 

screened off, thus eliminating the confusion which its intense blacken- 

ing may cause. From the positions of the traces on the plate and 

the geometry of the apparatus, the value of 0 corresponding to any 

pair of symmetric traces can be deduced and A of the rays that made 

the pair of traces can be found, knowing the grating space d of the 
crystal used. 

(5) Laxge grating space vacuum spectrograph . It is obvious from 
Bragg s law (??.A __ 2d sin 6) that the maximum wavelength X m 
measurablo by the use of a given costal is numerically equal to 2d. 
Actually A m is somewhat less than this, since the glancing angle can¬ 
not usefully exceed about 70°. Theoretically, for any X-ray whoso 
A = 2d, the first order reflection will be at 90° and for rays of longer 
wavelengths no first order image will appear. Hence, when measuring 
long wavelength X-rays, crystals of large grating space must be used. 
Among the earlier known crystals, gypsum, mica and sugar are the 
only ones that can be used for reflecting long wavelengths up to 
about 18 A°. There are, however, many organic compounds of large 
grating sj)ace, such as lauric acid (d — 27*2 A°), palmitic acid 
(d = 35 o A°) and melissic acid (d = S7-5 A°) which have been useful 
in measuring very long wavelengths, even up to 130 A 0 . Their reflect- 
mg power is good and their melting points so high that they do not 
apprecially evaporate in vacuum. In practice,the acid is allowed to 
solidify upon a plate and the molecules, as the X-ray analysis shows, 

^ l ^ emSe ^ ves together in an orderly fashion, forming thin sheets 
and thus providing good reflecting planes of large grating space. 

. Another difficulty in working with the long wavelength X-rays 
!? .. I r absorbability in air. Already for wavelengths greater 
than 2 A°, the absorption of X-rays 

b y air becomes considerable. This 
renders necessary the use of a 
vacuum spectrograph ; the whole 

apparatus, the crystal, the incident 

beam the photographic plate, etc, 

« e contained in a highly evacu¬ 
ated chamber. 

„„ i k® first high vacuum spectro- 

orw h i Wlth P almitic acid as the 
crysui was used by Siegbahn and 

in a ) orators. The plate carry- 
a . , in la - ver of the acid was 

e-im 11 . C 011 ^ le highly evacuated 
. 80 that the plane surfae 
tamed the axis of rotation and 
Wt plate was rocked to and fro 

position a . few <le 8 r ces about the 

Posit,on of reflection. The incident i W . Si-gbah,, 
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monochromatic beam .was defined by slits which were parallel to the 
axis of the instrument. Dauvillier using melissic acid on lead traced a 
spectral line of carbon in the third order spectrum, corresponding to 
A = 138 A° 

RULED GRATING X-RAY SPECTROGRAPH 

The ruled reflection grating X-ray spectrograph, first devised 
by Compton and Doan in 1926, has overcome many of the limita¬ 
tions met with in the crystal methods and at the same time gives 
results, as good as, perhaps better than, the crystal spectrometer. 
Especially for precision measurements of very long wavelengths in 
the range 40A° to 200A° the ruled grating is largely, used as the 
most reliable and direct method. Wo shall first of all study the 
principle involved in this type of spectrograph and then give a brief 
account of the different types of ruled grating in use. 

Principle. With the discovery of the total reflection of X-rays 
from polished surfaces it became plausible that a ruled grating might 
be used to measure X-ray wavelengths in exactly the same way as 
with ordinary light, provided the grazing angle of incidence 8 is 
within the critical \alue for total reflection. The elementary 
theory of the ruled grating at small glancing angles (hence at large 
angles of incidence) is readily developed as follows : 

Theory . Suppose the reflecting face of the ruled grating lies 

along the line AB (Fig. 129). Let b = CD be tlie grating constant, 

t*e., the linear distance 

between two adjacent 
rulings. Considering 
two rays incident at C 
and D at the grazing 
angle 6 , let them be 
diffracted at the graz¬ 
ing angle of (Q + a). 
Tiie condition /for a 
maximum of inter* 
Fig. 129. Principle of the ruled grating fere nee of the two 

X-ray spectrograph. diffracted rays is that 

their path difference must be an integral multiple of their wave, 
length t.e., n\. Now the path difference between the two diffracted 
rays is (PD — RC), where P and R are the feet of the perpendiculars 
drawn from C and D on one of the incident rays and one of the 

diffracted rays. 

(PD - RC) = nX is the condition for maximum intensity. 

PD = b cos 8 and RC = b cos (8 -4* «) 
nX = b { cos 8 — cos (8 + «) } 

It is to be noted that this relation is simply a convenient form of the 
ordinary grating formula n\ = b (sin t — sin r), where t is the angle 
of incidence, the complement of 8 , and r the angle of diffraction, the 
complement of (8 + a). Further, tho regular reflection at the angle 
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6 is called the zero order ; the other orders of reflection are called 
positive if ot is positive, and negative if « is negative. Hence n is an 
integer which may be either positive or negative, 
term within the bracket of the above relation, 


Expanding the 


cos 8 — cos (6 + a) — 2 sin — + g 


sin 


a 


2 2 

Taking account of the fact that Q and a are very small, 

28 + CL CL 2 (20 + tt) 


2 sin 


sin 


a 


o 


= (<x0 + a a /2) 


is illustrated in Fig. 130. 
S, and S a and rendered 


2 ' 2 ~ 2 

n1tl ' 11 approximate relation of considerable usefulness 
n\ =■. b (cl0 + | a *), from which A can be determined, if the other 
quantities n, 6, a and 8 are measured. 

Experiment. The mode of procedure 
If X-rays which have passed through slits 
slightly divergent fall on 
the surface of the ruled 
grating G at a glancing 
angle $ which is within 
the angle of total reflection 
for the radiation under 
consideration, the totally 
reflected X-ray will strike 
P the photographic plate 
at R and the ray diffracted 
In the grating at a farther 
point Q. The point D 
at which the direct ray 
strikes the plate after hav- 



Fig. 130. Arrangement for the measure 
ment of X-ray wavelength with 
ruled grating. 


Ked™ 3T g . he grat ; n e- is used as a reference. From a 

tance I W J the P 081 * 10 " 8 of the diffraction traces and of the dis- 

dem on t b . e ^ Wee “ the P late and th e point at which the X-ray is inci- 
aent on the grating, A can be computed as follows 


Taking the relation »A = b ( a 0 + 



we may write it as 


nX ~ 


6 a 

+ a) 

Se'dUtl'nec a P a ^ icula .r order , tan (28 + a) = DQ/L, where DQ is 

Measuring DQ andl, (2^+ a)"canTe fouTd. referenCC 

Again » tan 20 = DR/L, 

point D ^ total reflection trace from the same 

P O. Measuring DR, 2 8 can be calculated. 

readily b 1S tile 8 rat ing constant which is 

calculated ^ T ^ us knowing the values of 6, a, and 2$ t A is 
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a and S can be more accurately determined by recording the 
same spectrum at two different positions of the plate separated by a 
known distance, since in such a case it is not necessary to measure 
L directly, which is rather difficult in practice, as the exact position 
at which the incident beam strikes the grating is not known. 

The following points are worthy of note : — 

(1) Theoretical investigation has shown that the dispersion for 
grazing incidence is greater than that for normal incidence, and with 
grazing incidence the dispersion is greater in the negative order than 
in the corresponding positive order. But this apparent advantage 
of the negative orders is overruled by a relatively greater divergence 
of the diffracted beam and the consequent undesirable greater diffu¬ 
siveness. Hence positive orders are generally used. 

(2) Compton has shown that the effect of penetration into the 
material of the grating by the X-rays and the consequent refractive 
effect in changing the direction of the path in the material do not 
affect the validity of the fundamental relation of the grating. 

(3) Two sources of error are possible, viz., the continuous varia¬ 
tion of spacing along the grating and periodic errors in the ruling 
machine. As regards the first, if the variation is linear, i.e. t the dis¬ 
tance between the ruling is a linear function of the distance from one 
end of the grating, it has been shown that no correction need be 
applied. In the second case of a periodic error in the ruling machine, 
more important corrections may have to be made, given the fact 
that the width of the region of the grating used in X-ray work is 
seldom more than 2 or 3 mms. This source of error may be avoided 
by using gratings ruled in such a manner that a great many periods 
lie within the 3 mm. region or by using several gratings with different 
number of rulings and averaging the results. 

Different types of X-ray ruled grating. The different 
types of ruled grating devised by various experimenters such as 
Compton and Doan, Thibaud, Bearden, Cork, Hunt, Osgood and 
others may be classified under two main heads .* 

(a) For X-rays of ordinary hardness , say within the range of 
2 A°, Compton and Doan (1926) used a grating ruled on speculum 
metal with 500 lines per cm. to analyse a narrow homogeneous beam 
of X-rays of \ = 0*71 A° from a molybdenum target. The glancing 
angle wa ? less than 25' of arc. The totally reflected beam was made 
to fall oi a photographic plate, which when developed, showed in 
addition to the direct and reflected beams, as many as three diffract¬ 
ed lines. Thibaud (1928) employed glass-ruled gratings of 2,000 lines 
per cm. to analyse the X-rays from a copper target. The diffracting 
part of the grating surface was reduced to a width of 1 mm. by two 
collodion films deposited on the surface. The geometrical origin of 
the beam was therefore readily determined. All the linear and angu¬ 
lar constants required for calculation of "wavelength were found by 
recording the same spectrum at two different positions of the plate, 
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separated by a known distance. The photographic record showed by 
the side of the Oroad dark band due to total reflection several orders 
1 -inaction lines. Bearden (1933) employed the characteristic line 
of Cu of wavelength (Ka = 1*54 A 0 ) with a glass grating of 6,000 lines 
P'T <tii. and was able to determine the absolute value of the wave¬ 
length used with great precision, the error being less than 0*01%. 
Cork (1930) worked with plane ruled gratings having 14,000 and 
30,000 lines per inch respectively and photographed the L lines of 
molybdenum, (a. = 5*4 A°). 


(6) For X-rays of medium and long wavelengths. To this class • 
belong the vacuum spectrographs of both the plane ruled grating 
used by Thibaud, Hunt and others with which the} 7 were able to 
measure medium wavelengths (20 to 70 A 0 ) and the concave ruled 
grating employed by Osgood, Hoag and others, well suited for long 
wavelengths greater than 100 A°, Osgood with his concave grating 
noted a line which he ascribed to iron at A. = 215 A 0 . This makes 
us realise that there is no longer- any dividing line between optical 
and X-vay spectra, since the same spectroscopic technique can be 
used throughout the entire range of wavelengths. 


, The wavelengths measured with the ruled gratings, 

though agreeing closely with the values obtained with crystal grat- 

n n fo' yet ^u e foun . d ’ in evei T case , slightly greater by about 0*2 to 
U M/o. ihe possible sources of error in the ruled grating measure¬ 
ments were investigated by many physicists, but in no case could 
„. e ^* cc ® un t for such a consistent and fairly large discrepancy* 
^ ina y t ey were led to attribute it to an error in the estimation of 
le grating space d of the crystal grating, due in turn to an error in 

,i e Va j%? , e e l ec f r °nic charge e. To bring agreement bet ween 
_ i U % grating and crystal grating values of X-ray wavelength, the 
value of e had to be raised from 4*77 x 10' 10 to 4*803 x 10 10 e.s.u. 


electromagnetic theory of x-rays 

I* i* ^ once the essential likeness between X-rays and ordinary 

should ho COm J > ^^ established, it was but natural t hat attempts 

men lna f ^PP 1 / olectromagnetic theory to X-ray pheno- 
u ai ’ n < ? n . e ln ^ ie case light under the inspiring genius of 

na^tial ino hC on p nator of the theory. These attempts met with 

the chipf f« e f 8 a ° ne r - W *^ V * S *^! e d 6ht. We shall now indicate 
more imTvifI u ^ es of this theoretical interpretation of some of the 

fractional ^ interesting phenomena • such as the origin, re- 

iraction, polarisation and scattering of X-rays. 

accorrhTifv^ 11 * *~ r *y*- mechanism of production of X-ray.s 

The CAthnritt + 6 l e pt r °magnetic theory is conceived as follows : — 
trons mu 8 Tu am in a ( ^l 8C l iar g e tube consists of fast moving elec- 
with a Rnliri 611 ^ * eS f ar ° 6 ^ dden ly stopped by making them collide 

metallic tarcrA* 8 8UC ^ as walls of the discharge tube or a 
exnerienAA ¥ * liberately put in the path of the stream, they must 
Penence for an extremely small interval a very large negative 
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acceleration. Such retarted charges, according to the electromag¬ 
netic theory, must radiate energy. Hence the sudden stopping of 
eac e ectron, as it collides with the target results in the emission of 
an electromagnetic disturbance or pulse and X-rays consist of a very 
rapid succession of such pulses, coming at random intervals. It was 
s own by Stoney that, if such a stream of pulses is analysed into 
wave-trains, the components of shorter wavelength are the more 
intense, the greater the velocity of the electrons that are brought to 
rest by the target. He proved also that matter in general should be 
more transparent to the shorter waves than to the longer ones. The 
hard or penetrating X-rays should therefore be produced by high 
velocity electrons, hence by high voltages applied to the X-ray tube, 
which is in fair agreement with experimental facts. 

It was next established by J. J. Thomson and others that on 
the basis of the electromagnetic theory the energy radiated as X-rays 
by the stoppage of the electron is given by the expression 
W = 2e 2 v 2 /Sc 2 8 where e is the electronic charge, v the velocity of the 
electron, c the velocity of light and S the thickness of the electro¬ 
magnetic pulse (X-rays) equal to ct , t being the time of stoppage of 
the electron. From this relation it is seen that the shorter the time 
t or the more quickly the electron is brought to rest, the greater is 
the amount of energy radiated. As it is reasonable to suppose that 
an electron moving with a given velocity will bo stopped more 
rapidly when colliding with a heavy atom than with a lighter one, a 
more energetic X-ray beam should be produced when a heavy metal 
such as tungsten is used as target than when a lighter metal such as 
aluminium is employed, other conditions being equal, which is borne 
out by experimental observation. 

Refraction of X-rays. According to the electromagnetic 
theory, refraction results from the displacement of firmly bound 
electrons in matter under the action of the force exerted by the 
incident electromagnetic wave. In the optical region, the displace¬ 
ment is in the direction of the applied force which leads to refractive 
indices greater than unity, while in the X-ray region the displacement 
is in a direction opposite to the force exerted, giving rise to a refrac¬ 
tive index less than unity. This difference in action of X-rays and 
light is due to the fact that the frequency of the former is very much 
greater than that of the latter, so that in all cases the frequency of 
X-rays exceeds the natural frequency of vibration of the electrons in 

matter. 


According to the electron theory of dispersion developed by 
Drude and Lorentz, the refractive index n of a slightly refracting 
and absorbing medium is given by the expression 


1 —f- • — Z* f 


n 


7T771 Vr 

where e and m are the charge and mass of the electron, v the fre¬ 
quency of the radiation incident on the medium containing n r 
electrons per unit volume which have a natural frequency v r . The 
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quantity E r n r represents the summation to include all the r different 
types (t.e., differently bound) of the electrons. 

If v is great compared with all the natural frequencies v r of the 
electrons, then v r 2 becomes negligible compared with v a and the rela¬ 
tion reduces to 


where n 
volume. 

If v is very great , the term e 2 n/ 7 rmv 2 becomes very small com¬ 
pared with unity and the relation reduces to 

e 2 n j 1 / 2 ehi 

7TTHV 2 ) 2 tt ? uv 2 



3 = 1 — 


ehi 


Tfl V 


= E r n r represents the total number of electrons per unit 


e J n 


e 2 nX* 


Since ^ = 1 - 8, 8 = 

2nm'r Irrmc 1 

Thus we see that /x is less than unity ; but it differs very little 
from it. The value of 5 can be estimated by substituting the values 
of the constants e, n, m and c for any given A. Thus in the case of 
A = 0-71 A° calcite, S is found to be equal to 1*S4 x 10' 6 . This 
theoretical prediction is confirmed by experiment. 

Further, from the expression for S we get 

S e 2 n 


2Ttm c 2 


= a constant 


This also has been verified by the experimental measurement of the 
quantity S/A 3 with the “high precision” prism method of refraction. 

Anomalous dispersion. If v becomes equol to v r , since v r 2 is 
no longer negligible, the dispersion formula 


= 1 + 


e 2 n 
7zm 


V 2 — V 2 


shows that the value of /i should pass from — oo to d- co ; and 
o/A 2 will no more be constant. Wc are in the region of anomalous 
dispersion. In the optical region, the dispersion in a refracting 
medium for a radiation of a given wavelength is greatly perturbed 
end becomes anomalous when that wavelength approaches an absorp¬ 
tion line of the medium. Under such circumstances, it is absorption 
that regulates dispersion. On the basis of the electromagnetic theory 
anomalous dispersion is a resonance phenomenon, it being assumed 
lat there are present in the refracting medium resonating systems, 
, e natural frequencies of which correspond to the discontinuities in 
. e dispersion curve. In the X-ray region this property of anoma- 
<jus dispersion has been demonstrated to a certain extent. But the 
classical formula of anomalous dispersion is found not to be in 
complete agreement with experimental results obtained in the 
immediate vicinity of the absorption discontinuity of the refracting 
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medium. A quantum theory of dispersion has therefore been develop- 
ed, which is in better agreement with experimental data. 

Polarisation of X-rays. According to the electromagnetic 
theory, polarisation arises from the electric vector being perpendi¬ 
cular to the direction of propagation of the electromagnetic wave. 
Referring to the experiment of Barlda (pp. 283-4), the acceleration of 
the scattering electrons in the first scatterer S, will be in the vertical 
YOZ plane, since the direction of propagation is parallel to OX. The 
electric yecter of the wave which is emitted by the scatterer Sj must 
also lie in the same plane, since there is no component of the accele¬ 
ration of the scattering electron in any other direction. Consequent¬ 
ly, the secondary beam proceeding in the direction YO must be com¬ 
pletely plane polarised, the scatterer Sj having acted as a polariser. 
As this plane polarised wave falls on tho second scatterer S 2 at O, the 
acceleration of the scattering electrons in it will also be in the same 
vertical plane YOZ. The electric vector of the wave emitted by this 
second scatterer will therefore lie also in the same vertical plane, so 
that the intensity of the tertiary beam will be maximum in the 
horizontal OX direction and zero in the OZ direction contained in 
the vertical plane. For, according to classical electrodynamics the 
amplitude of the electric vector of a wave, which is a measure of the 
intensity, is proportional to the sine of the angle between the accele¬ 
ration and the direction of propagation. Now the above-mentioned 
angle for OX direction is 90°, while it is zero for OZ direction—hence 
maximum intensity in tho former case and zero intensity in the 
latter. The polarisation of the beam in the OY direction is thus 
detected by comparing the intensity of the scattered beams from the 
second scatterer in the OX and OZ directions, this scatterer acting 
as analyser. 

Also, as regards the partial polarisation of the primary X-ray 
beam, the electromagnetic theory gives a plausible interpretation. 
X-rays are radiated when accelerated electrons are brought to rest 
by the target. Now, in practice, fast moving electrons will rarely be 
brought to rest in a single direct impact, rather they will pursue 
deflected zig-zag courses and have more impacts, not necessarily 
direct, until they are finally stopped. This process gives rise to 
additional radiations with vibrations in all directions, although the 
first direct impact predominate?, which explains the partial polar¬ 
isation of the primary beam, as well as the reduction of the amount 
of polarisation with the increased speed of the electrons. Since the 
softer radiations arise in the subsequent arrest of the already weaken¬ 
ed and deflected cathode rays, wo understand also the increase in 
polarisation with the removal of the softer components. Thin targets 
mean less deflection and less subsequent arrests and hence stronger 
polarisation. Thus the experimentally observed facts about the po¬ 
larisation of the primary beam are adequately explained. 

Scattering of X-rays. The electromagnetic theory w'as appli¬ 
ed to the scattering of X-rays by J.J. Thomson with the following 
assumptions. The electrons in the scatterer are free or weakly bound 
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i,e. t not subject to any appreciable forces oi constraint and are dis¬ 
tributed in such a random fashion that no definite phase relation 
exists between the rays scattered by the different electrons. Second¬ 
ly, when the incident X-rays, which are electromagnetic waves 
moving with the velocity of light, fall upon the free electrons of the 
scatterer, these electrons will be accelerated by the electric vector of 
the incident wave. Now, according to electrodynamics, an accelerat¬ 
ed charge must radiate energy. Consequently, the electrons radiate 
energy due to the forced oscillations under the action of the primary 
beam. Since these forced oscillations are of the same frequency as 
the incident wave, the secondary scattered waves produced by the 
oscillations must also be of the same frequency. This means that 
the scattered radiation will have the same wavelength as the incident 
one (coherent scattering). Thirdly, the intensity of radiation, which 
is, by definition, the energy per unit area of the wave surface, is 
directly proportional to the square of the electric vector. 

Thomson with these initial conditions and by a simple applica¬ 
tion of electrodynamics obtained expressions for the intensity and 
energy of the scattered beam as follows :— 

Let the incident X-ray, moving in the X-direction, traverse a 
free olectron of the scatterer situated at the origin O (Fig. 131). Let it 
be further supposed that the 
incident ray is plane polarised V 

with the electric vector acting in . 

a fixed direction, say the Y- T 

direction, perpendicular to the r> 

direction of propagation. j 

If E is the magnitude of /' j 

the electric vector, the force ex- / S Q yC 

perienced by the electron along 

^’^ rec hon is Ee, e being / 

the charge on the electron. The ! \ ! 

acceleration a of the electron in [ \ f \ ^ v 

the same direction is given by [ £/q * 

a == E ejm ... (1) ! / 

*here m is the mass of the / 
electron. / 

As a result of this accele- 

?* e electron wil > radiate Fig. 131. 

a secondary wave. The olectric 

J? this wave at a point P distant r from 0, in a direction 

wig an angle 6 with the direction of the acceleration, is given by 
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wav© surface, is directly proportional to the square of the electric 
vector, we may write 

I s E $ 2 E 2 e 4 sin 2 $ e 4 sin 2 9 

I E 2 E 2 m z c 4 r z m 2 c 4 r 2 

where 1 $ is the intensity of the secondary ray at P and I the inten¬ 
sity of the primary. 


* 


* * 



e 4 

m* c* ' 


—z • sin 1 0 
r 2 



Hence the intensity of the secondary is directly proportional to 
that of the primary ; it is also proportional directly to sin 3 8 t so that 
it is maximum in the XZ plane and zero in the Y-direction. 


Considering the more general case of a primary beam which is 
unpolarised , the direction of the electric vector E is no more in a 
fixed direction, but varies at random in the YZ plane, perpendicular 
to the direction of propagation, i.e., X-direction. In such a case, the 
acceleration of the scattering electron will also vary at random in the 
same YZ plane. 

Supposing the direction OP, in which the scattered ray is 
observed, is in the XY plane, hence perpendicular to the Z-direction, 
the electric vector of the primary beam may be resolved into two 
components E v and E e along OY and OZ respectively, such that 

E „ 2 + E e 2 = E 2 

Further, since the direction of E in the YZ plane is at random, 
E y will be, on the average, equal to E 2 , and hence 

E „ 2 = E c 2 = i / 2 E 2 

Now, if I y and I e represent the intensities of tho Y and Z 
components respectively of the intensity of the primary beam, 

I y = Ig = Va I 

The intensity of the scattered beam at P due to the Y compo¬ 
nent of the incident beam is, by equation (3) : 

,e 4 sin 2 

lff, p c 4 r 2 

If 9 be the angle between the direction OP of the scattered 
beam and the direction OX of propagation of the primary beam, 
since OP lies in the XY plane bv assumption, sin — cos 9 , so that 


I 


9 >y 



e 4 cos 2 9 
in 2 c 4 r 3 


* * * 



Similarly, the intensity of the scattered beam at P due to the 
Z component of the incident beam is 

e 4 sin 2 6g 
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As OP lies in a plane perpendicular to the Z-direction 6 a 
so that 



e* 

' m * c 4 r 2 



The average intensity of the beam scattered by a single free 
electron in a direction making an angle 9 with that of the incident 
beam is given by 



e 4 cos 2 <p 
m 2 c 4 r 2 



e 4 

c 4 r 2 




e 4 

-^rpr • + cos * 9 ) 



since I„ = I„ = 1/2 

If there are n electrons per unit volume, which are indepen¬ 
dently effective in scattering, the intensity I s of the scattered beam 
is given by 



ne l 

2 m 2 c A r 2 


(1 -f cos 2 9 ) 



This relation (7) gives the angular distribution of the scattered 
X-rays. The term within the bracket, which is known as the 
polarisation factor , defines the distribution of scattered intensity 
about the direction of the primary beam : the intensity of the scatter¬ 
ed beam is maximum when 9 == 0 or 180°, i.e., in a direction parallel 
to that of the incident beam, and minimum when 9 = 90°. i,e. y in a 
direction perpendicular to that of the incident beam. Thus the 
intensity of the scattered beam is distributed symmetrically , both 
about the direction of propagation of the incident beam and in 
the forward and backward directions relative to the plane passing 

through the scatterer and perpendicular to the direction of propa¬ 
gation. r 

Since l s represents the energy radiated per sec. per unit area 

0 the wave surface of the scattered beam at a distance r from the 

scatterer of unit volume, the total energy radiated per sec. in the 

scattered beam is readily obtained by integrating I s over the whole 

spherical surface of the scattered wave of radius r. Considering 

an e ementary ring on the surface of the above-mentioned spherical 

wave-front, of width 1^9 and radius r sin 9 , using as the axis of the 

ring the line OX from which 9 is measured, its area is 27rr sin 9 . rd<p 
— Znr- sin 9 d<p. 

.1 . ^ince the distribution of intensity is symmetrical about OX, 

^ie intensity is the same at every point in the ring. The energy 
n ent of this elementary ring is, therefore, 

X 71 B^ 

~ Zm* c* r* * C + cos 4 tp) . W* sin <p d<p 
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Hence the total energy In the scattered beam is given by 


w. 


I n e 4 


2m 2 c 4 r 2 


l (1 + cos 2 9 ) . 27 rr 2 sin <p d<p 


tt In e 4 f 77 M 9 v . „ 

= — 2 e 4 - I (L + cos 2 «p) sin 9 <7<p 


77-1 n e 4 
m 2 c 4 


(1 + cos 2 <p) * d (cos ) 


7T 


In e 


m 2 c 4 

7r I n € 4 

Wl 2 c 4 


cos <p 


COS 3 <p 



(2 ~f- 2 / 3 ) 



m 2 c 4 


I 


• * ■ 


* • • 



From this the scattering coefficient a which is, by definition, the frac¬ 
tion of the primary intensity scattered per cm. of path is obtained. 


W s 8 ?t ne 4 

I 3 m 2 c 4 


* • 4 


« * • 



which is known as the classical scattering formula of Thomson. 

For experimental test, the quantity usually employed is the 
mass scattering coefficient a/p which is given by 


or 8 t t e 4 n 

p 3 m 2 c 4 p 


* * # 


... ( 10 ) 


a/p represents the scattering coefficient per unit ] 
scatterer traversed by X-rays and »/p the number 
unit mass, t,e., per gram of scatterer. 


lass (in gms.) of 
of electrons per 


This relation enables us : — 

(t) to get cU a theoretical value of alp 

If A is the atomic weight or mass number of the scatterer, Z its 
atomic number, which gives the number of electrons in an atom, 
and N the Avogadro number, which gives the number of atoms per 
gram atom, the number of atoms per gram = N/A and the number 
of electrons per gram = (N/A) Z. Hence n/p — (N/A) Z. 

a N „ 877 e 4 

7" “ “a #z ‘ "353? 

In the case of light atoms the quantity Z/A is nearly 4 /t• Substitut¬ 
ing the known values of the other constants viz. N, e, m and c, o/p is 
found to be nearly 0*21 
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(it) to determine the number of electrons per atom 


Since Z gives the number of electrons per atom, 



But 




a 3m 2 c 4 

p 87re 4 

a 3»i 2 e 4 A 

p 87re 4 N 


Knowing the value of a/p and assuming the values of the other con¬ 
stants, m f c, e, A and N> the number of electrons per atom Z can be 

evaluated. 


It is to be noted that these results have been obtained without 
assuming any particular form of electromagnetic pulse. They are 
therefore independent of the wavelength and of the degree of homo¬ 
geneity of the X-rays. Hence also in the scattering formula the 
quantity A does not appear. The scattering coefficient a is therefore 
independent of the wavelength of the radiation and merely depends 
on the number n of independent scattering centres (electrons). 

Debye’s modification of Thomson’s theory for ‘bound’ 
electrons. The independent scattering by electrons assumed above 
supposes that the wavelength of the radiation is small compared with the 
atomic dimensions, i.e., with the distances between the electrons in 
the atoms. Under these conditions the different electrons set in 
vibration by the incident radiation are sufficiently far removed from 
one another to act independently so that no definite phase relations 
exist between the rays scattered by them, and the total intensity 
scattered is given by the sum of the intensities scattered by all the 
electrons. If Z be the atomic number of the scatterer, the intensity 
scattered per atom (Ij is given, by equation (7), as 


I Z e 4 
° ~~ 2m 2 c 4 r 2 


(1 + cos 2 cp) = Z . \ e 


where J e is the intensity scattered per electron. Hence the scattering 
is proportional to Z. 


. other hand, when the wavelength becomes large compared 

with the distances between the electrons in the atoms, so that the phases 
of the rays scattered from the different electrons are nearly the 
same, independent scattering can no longer be assumed. In fact, in 
the extreme case where the distances between the electrons may be 
c «red negligible compared w'ith the wavelength of the radiation* 
a the electrons in the atom would scatter as a unit, and the intensity 
scattered per atom will be : 


I ' 

a 


_ I (Ze) 4 


— (1 + cos* <p) 


2 (Zm) 2 c 4 
I Z 2 e* 

(1 + cos* <p) = Z 2 . I 


2wt 2 c 4 r 2 
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Here we see that the scattering is proportional to Z % and not to Z as 
in the previous case. 

This discussion shows that in the case of heavier elements, 
where the electrons are packed more closely than in lighter ones, 
there will be an excess of scattering above that predicted by Thom¬ 
son's theory, increasing with longer wavelengths of X-rays, Similarly 
the scattering coefficient will no more be constant (0*2) for all wave¬ 
lengths, but vary. In fact, it is to be expressed by ajp = Z x 0*2. 

In the intermediate case, where the wavelength of X-rays is of 
tb,e same order as the distances between the electrons in the atoms, it 
w °uld be necessary to consider the dispositions of the electrons in the 
atoms and their distances apart. Debye, making different hypotheses 
on this arrangement of the different electrons, has been able to cal¬ 
culate the intensity scattered in particular cases. 

Testing the validity of the theory proposed. The experi¬ 
mental verification of the different theoretical predictions connected 
with X-ray scattering was undertaken by Barkla, Sadler, Hewlett, 
Compton and others in the following ways :— 

(a) Polarisation of scattered X-rays . According to theory the 
rays scattered at right angles to the direction of propagation of the 
primary beam must be completely polarised in the plane formed by 
the directions of the primary beam and the scattered beam consider¬ 
ed. This has been fully verified by experiments conducted by 
Barkla, Compton, Hagenow and others, As we have already seen. 
(Cf. pp. 283-4) 

(b) Angular distribution of scattered radiation. Theory predicts 
a definite distribution of the intensity of the scattered beam as a 

function of the scatter¬ 
ing angle, symmetrical 
in both the forward 
and backward direc¬ 
tions with a minimum 
intensity at 90°. 
Several measurements 
have been made on 
the distribution of in¬ 
tensity of the scatter¬ 
ed X-ray beam using 
primary beams of 
different wavelengths. 
The most significant 
of the results obtained 
are shown in fig. 132. 
The continuous line 
curve is the theoretical 
curve , while the two 
Fig. 132. Scattering of X-rays. other dotted curves 

are experimental. Of 
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these the upper one is drawn from Hewlett's measurements with a 
monochromatic beam of wavelength 0*71 A° scattered by mesityline, 
a liquid of low atomic weight, where it is presumed that the distri¬ 
bution of electrons is such that they scatter independently and thus 
satisfy the theoretical conditions. The lower curve is obtained from 
the measurements of Compton who used y-rays of very short wave¬ 
length 02 A° from RaC and iron as scatterer. 

The conclusions that have been drawn from these experimental 
investigations are : For X-rays of wavelengths greater than 0- 5 A°, 
the distribution agrees fairly well with the predictions of the theory, 
except for small angles of scattering, where the intensity is much 
greater than that given by the theory, as seen from the upper dotted 
curvo (Hewlett’s). This excess scattering at small scattering angles 
can be explained on the assumption that the phaso differences of the 
scattered rays at such angles are small so that the waves scattered 
by neighbouring electrons reinforce each other. The marked de¬ 
crease in intensity at still smaller angles may be due to the destruc¬ 
tive interference of rays scattered by pairs of electrons or molecules 
of the scatterer. In the case of very short wavelength, i.e., much 
smaller than 0*2 A°, the distribution is very different from the 
theoretical one, the intensity falling off rapidly at large angles as 
seen from the lower dotted curve (Compton’s). The distribution is 
practically restricted to the forward direction and hence unsymmetri- 
cal> contrary to the predictions of the theory. Compton was unable 
to interpret these results on the electromagnetic theory and was 

therefore obliged to have recourse to the quantum theory, as we shall 
see later. 


(c) Scattering coefficient . Experiment gives nearly the con¬ 
stant value of 0*2 for a/p in the case of light elements for wave¬ 
lengths ranging between 01 A° and 0*6 A°, in conformity with the 
theoretical value. For long wavelength radiations, i.e. t greater than 
0*6 A°, c/p is found to be no more constant but to increase with 
increasing wavelengths and heavier scatterers. This can be ex¬ 
plained, as Debye has done, by the fact that the experimental con¬ 
ditions no longer conform to the assumption of independent scatter¬ 
ing demanded by the theory. But a real departure from the predic- 

^beory is found in the case of wavelengths shorter than 
A . The value of a/p is less than the theoretical value in the 
case of all elements and reaches low values, decreasing as the wave, 
ength becomes shorter. These results cannot be reconciled with the 
eory proposed, and as in the case of intensity distribution, quan- 
utn theory has been invoked, which appears to interpret the results 

quite well. 


• 'Determination of the number of electrons per atom. In the 
region of moderate wavelengths and low atomic numbers, Thomson’s 
leory can be applied with some confidence. Scattering experiments 
eon acted with a carbon scatterer give the value for a/p as 0 2. 

Using this value in the relation — — — _?- — as well as 

p 3 * m 2 c 4 p 
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substituting the usual values of e, m, c, the 
gram of carbon, effective in scattering, 
3 x 10 23 . But the number of carbon atoms 


number of electrons per 
i.e. f njp, is readily got as 
per gram is 


N_ __ 6 06 x 10 23 
A ~~ 12 


= 5*05 x 10 22 


No. of electrons per atom = n j ^ = ^ ^ ^ _ c 

P / A 5*05 x 10 22 

nearly, which is the atomic number Z of carbon. Such an excellent 
con rmation of the theory has been obtained only with scatterers 
o ow atomic number and with fairly long wavelength X-rays. 

* (?) ^Wavelength of scattered radiation. In the early experiments 

in which long wavelength X-rays and light scatterers were used, 
simple absorption measurements on the scattered rays showed that 
the absorption coefficient was almost the same as for the primary 
ra ys» which indicated that the wavelength did not change in the 
scattering process as the theory had predicted. But soon plenty of 
evidence was available that with shorter wavelength radiations the 
scattered rays were softer than the incident beam, thus indicating 
that scattering produces a change in wavelength in direct contradic¬ 
tion to the theory proposed. This incoherent scattering is under¬ 
stood again only on the basis of the quantum theory, as Compton has 
so convincingly proved. 


PRACTICAL APPLICATIONS OF X-RAYS 

The many and varied practical applications of - X-rays can be 
classified as follows .*— 

(1) purely scientific such as the analysis of the internal struc¬ 
ture of crystals ; 

(2) industrial , which goes under the general name of radio- 
metallography ; 

(3) medicaly under the double aspect of diagnosis (radiography) 
and treatment (X-ray therapy). 

We shall study somewhat in detail the purely scientific applica¬ 
tion of X-ray analysis of crystal structure, while only a brief mention 
of the other two will be made, 

THE STRUCTURE OF CRYSTALS 

Even before the advent of X-ray crystallography the theory of 
crystal structure had been worked out, but it was only with the help 
of X-ravs that it became possible to determine the actual nature of 
the internal structure of a crystal. As the new method of X-ray 
analysis constantly uses the terminology and results of the older 
crystallography, let us briefly review the main points of the older 
science. 
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Older crystallography. The peculiar properties of crystals 
that are easily observed are : — 

(а) external symmetry of form, i.e., the angular dispositions of 
the typical faces remain constant from specimen to specimen of a 
given crystal ; 

(б) 'phenomenon of cleavage , the., a crystal tends to fracture along 
perfectly definite directions when subjected to mechanical stress ; 

(c) anisotropic but homogeneous characteristics, i.e,, although the 
directed properties, such os thermal and electrical conductivities, 
thermal expansion, velocity of propagation of light, etc., within the 
crystal, depend upon the direction which is being considered, those 
properties at any given point within the crystal being different in 
different directions, yet they arc the same at all points in any given 
direction. 


Crystals are usually divided into seven main systems , each 
characterised by the possession of a certain minimum of symmetry 
elements which arise from the external geometric form and are 
referable to certain characteristic axes. Thev are called triclinic , 
monoclinic , orthorhombic, trigonal , tetragonal, hexagonal and cubic. 

In the analysis of the forms of crystals it is not the relative 
sizes of the different typical faces nor the actual shapes that are 
important, but the invariant angular orientations of the different 
faces, which are best represented by taking a point within the 
crystal drawing from it perpendiculars to the faces and thus obtain¬ 
ing a radiating set of normals. These normals are referred to a set 
of three axes, called crystallographic axes drawn parallel to the lines 
of intersections of any three faces which do not lie in the same plane. 

A fourth face is taken, which must cut all the three axes, as a 
standard plane. 

Miller indices. The different planes in a crystal are con¬ 
veniently represented by certain indices, first introduced by Miller. 
Thus let OX, OY, OZ be 
the three axes chosen 
parallel to the lines of 
intersection of three faces 
and ABC the standard 
p ane which cuts the axes 
** A, B and C (Fig. 133). 

. the lengths of the 
intercepts, OA, OB and 

made by the standard 
plane on the three axes be 
b and c respectively, 
e quantity a : b : c is 
called the axial ratio. 

The empirical law 
*v leh is found to govern 
e directions of the other 

20 
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faces may be stated as follows : A face which is parallel to a piano 
whose intercepts on the axes are ma f nb, pc where m f n and p are 
whole numbers, is a possible face of the crystal and for the planes, 
which commonly occur, m, n and p are small whole numbers. Thus if 
A'B'C' be a possible crystal face, since the ratio of the intercepts for 
all planes parallel to a given plane is the same, 


OA' : OB' 

: OC' = 

= ma 

: nb 

: pc 

This may be written as OA' : OB' 

: OC' = 

a 

b 

* 

c 

* 


np 

pm 

mn 



a 

b 

* 

c 

m 



" h 

' k 

‘ T 


where h — np , k = pm and l = mn are again small whole numbers. 
Thus the numbers h r k y l define the plane A'B'C' with respect to the 
crystal axes, and are the Miller indices of that plane. For a given 
value of the axial ratio (a : b : c) these indices of a plane are inversely 
proportional to its intercepts on the axes. Thus for the plane ABC, 
they are 1/a, 1/6, 1/c. In purely crystallographic work, the indices of 
the standard plane are always (1, 1,1) ; for others it is customary to 
express them so that they contain no common factor. Thus, for 
example, (1, 0, 0), (1, 1, 0) and (1, 1, 1) refer to different planes of 
which the last is the standard one. Zero index means that the plane 
considered is parallel to one of the axes, so that the corresponding 
intercept becomes infinite and its reciprocal, which is the index, zero. 
These indices do not define merely a particular plane but a set of 

parallel planes. It is 
only the ratio of the in- 
dices which are of impor¬ 
tance ; e.g. } the (4, 2, 2) 
planes are the same as 
the (2, 1, 1) planes. As 
we shall see presently 
in the X-ray analysis 
of crystals, it is the 
parallel crystal planes 
containing large concen¬ 
tration of atoms that are 
important and they are 
usually designated by 
X the Miller indices. 

Let us illustrate 
this somewhat abstruse 
notation of crystal 
planes by a simple ex¬ 
ample of a crystal of 
the cubic type (Fig. 134). 

Here the three reference 



Fig. 134. Designation of crystal planes 

by Miller indices. 
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axes are conveniently chosen parallel to the cube edges and hence 
they are at right angles to one another, viz. OX, OY, and OZ. Any 
plane parallel to the diagonal plane ABC is (1, 1, 1) plane, since the 

i^ic’p 8 '^ 0 a: ^ :c — Any plane parallel to the face plane 

ADEF is (1, 0, 0) plane, as the intercepts on Y and Z axes are 

infinite, the plane being parallel to these axes and the Miller indices 
tor them 0, 0. Any plane parallel to another diagonal plane BDFC 
is (0, 1, 1) plane, since it is parallel to the X-axis. 


. The external symmetry characteristics of crystals suggest 
internal symmetry in them, i.e., the atoms or molecules or groups of 
molecules of which crystals are built are not oriented at random, but 
are packed together with the greatest order and regularity in a three- 
dimensional pattern, so that each of the constituent particles is fixed 
at a definite point in space at a definite distance from and in a 
e mte angular orientation to all the others surrounding it. It is this 
internal regularity which is the essential characteristic of the crystal- 
me state and not the external symmetry of form ; the latter, how- 

» ve 5’ a direct consequence of the former and from it we get the 
rst hint as to the nature of the internal structure. 


The internal arrangement is such that a minimum number of 
atoms or molecules is disposed in such a form as to represent fullv 
ne type of the crystal, a repetition of which in three-demensional 
space will build up the crystal. The fundamental elementary 
pattern is known as the unit cell or the lattice unit. . For instance 
considering a crystal of the cubic type, like NaCl or KC1, no matter 
now small the crystal is, the unit cell is a cube. Repetition of these 
units in, space results in a regular spacing of the atoms or molecules 
V* the crystal, known as the space-lattice, which may be consi- 
onnoffu “ u ‘ee-dimonsional point-nets, each point corresponding to 
<W li the ^ ni r ce s - In a space-lattice all the points may be inclu- 
vlanpl a pnr&llel and ecpially spaced planed known as lattice- 

wava ' ° uch asetof planes may be chosen in a great number of 

olanes Jm e r h ? i a ? e ° f the Set ia dense, y occupied by points, the 

be clnaa t f, W1 e ^, S ^ ced ’ they are sparsely occupied they will 

the cAlL t ?^ the r rhe former wil1 f orm the natural boundaries to 

crystal mkT *? , un ’ t ' ccPs * n a space-lattice, i.e., the faces of the 

0 f : nHi ’ hlle * ho latter havo not much physical reality, and the law 

a lar»e be J 1 ? own to hold good only for planes which contain 

g number of lattice-points per unit area. 

was first 6 ofspace-latticc as underlying the structure of crystals 
mSrv e „ °i 6< l- by B ™ vai8 ' as earl -V as 1800. He showed from sym- 

of which one 1 is“trLlfnic th twn &T ° U , J® SsU,1 r types of s P ace ; lattice , 
tetragonal tu-n i, lcImic > tvvo monoclimc, four orthorhombic, two 

external « exagonal, and three cubic. From the study of the 

classes ft noK° mC n ° s ' mme try, cr3 T stals have been divided into 32 

°f the e^ntf- 1 re P resen l' in S 0,10 the possible geometric configurations 

symmotrv t?* axe ^ au< ^ P^ anyf > symmetry. When these external 
y " ements are combined with the internal space*lattice 
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18 f ?. Und t , h4,fc 230 s P ace groups are possible, which 
describe the complicated structure of crystals. A knowledge of the 

. e °Y °* S ?* c ® gro “P s is therefore essential to the analysis of the 
structure, chiefly, of complex crystals. 


^ CI *y s ^ a llp§*‘ a pky* The analysis of crystal structure by 
means ot X-rays consists in the demonstration of the actual existence 
o e space patterns and the determination of their arrangement by 
the measurement of the size and shape of the unit cell. Next the 
space-lattice can be determined by examining a large number of 
ray spectra and noticing systematic absence of spectra of a general 
yp^* gain by looking for absence of spectra of special types, 
avmg one of the indices zero, it is usually possible to fix the space 
group, with a knowledge of the density and chemical composition of 
e crystal. If the unit cell contains many atoms in general posi¬ 
tions, then the real problem of structure determination begins. The 
‘‘parameters” or co-ordinates of the atoms in the unit cells must be 
ound by checking against the observed intensities. Here many 
f ac t°rs are utilised, such as probable ionic radius, grouping 
ol the atoms into radicals, as in sulphates and carbonates, etc. Thus 
the analysis of crystal structure, in general, is very complicated, and 
so we shall review here only the main principles as applied to the 
simplest cases such as KC1 and NaCl, crystals of the cubic type. The 
method of procedure in the analysis of crystals of more complicated 
structure is similar to that used in the simple cubic type. 

• u • ma ^ n °ted that there are three sub-types in cubic crystals 
with different concentrations of atoms in special planes and conse- 





Fig. 135. Three types of cubic crystal. 

quent different spacing of these planes. They are :— (a) the simple 
cube in which an atom or a molecule lies at each corner of the cube, 
( 6 ) the body-centred cube, in which there is an additional atom at the 
centre of the cube, (c) the face-centred cube, in which an additional 
atom lies at the centre of each of the six faces of the cube (Fig. 135). 
In these three types, the actual spacings d of the planes rich in atoms, 

viz,, ( 1 , 0 , 0 ,) ( 1 , 1 , 0 ) and ( 1 , I, 1 ) are found, by simple calculation, 
to be in the following ratios :— 
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®10Q 

• ^110 

: d in 

Simple cube 

1 

1 

' V'2 

1 

* V3 

Body-centred 

1 

2 

* V 2 ’ 

1 

V3' 

Face-centred 

1 

1 

’ V"2” 

2 

* \/3 



Experimental methods used in the X-ray analysis of 
crystal structure are chiefly the following four 

.S*l T ¥J taue . s P ots method. The method of obtaining “Laue 
iff t> l ^ r ®: ctl i 1 g X-rays with crystals has already been described 
\} J" , We shall give here an elementary theoretical treatment 

6 method and briefly discuss the results obtained. 

Im ® ,eme “ tar y theor y of Laue spots and crystal structure. 

system ^ *1 ^ the „ sake of simplicity, a crystal of the cubic 

.?*’ *“ ere th f unlt cell is a cube and hence the lattice constant 

eiemlnf dl8teI ? c e between the centre of diffraction or the side of the 
a “ “^.7 cabe »the same in all the three mutually perpendicular 
Matin* t,!! t0 be borne in mind that a crystal behaves not as a plane 
we hfiw» o a f a three-dimensional grating, and in the cubic system 
cornppa , s P ac e-laUice composed of elementary cubes, at the 

<dements° W * C ar ° 8 ^ ua ^ ec ^ ice-points or the diffracting 

, ^fraction of X-rays produced by such a cubical system of 

tion due ^q 8 the un fi ers tood by first considering the difFrac- 

Points in one of the 
three principal direc- 
ions, i.e. t due to a line- 
. or a si "gle one- 

dimensional point grat¬ 
ing- Let a be lattice 

t e., the con¬ 
stant interval between 

P successive lattice- 
Points, such as A and B 

< k ‘g- 136). Let plane 

monochromatic X-rays of 

dont e ength A - be inci- 

aent »n the line-lattice Fi 8 - »36. 
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causing the electrons in the atoms at the lattice-points to scatter 
coherently secondary X-rays in all directions. Considering the rays 
diffracted by the two neighbouring lattice-points A and B, the path 
difference between them is given by AN — BM, AM and BN being the 
perpendiculars dropped on the incident and diffracted rays respect¬ 
ively* The diffracted rays will have maximum intensity if the above 
path difference is an integral multiple of X, i,e. t 

AN' — BM — n 1 \ ..,(1) 

where n x is an integer. 

If # 0 and 0 represent the complements of the angles of incidence 
and of diffraction respectively, 

AN = AB cos 0 and BM = AB cos 0q 
so that AN — BM = AB (cos 0 — cos 0 O ) = a (cos 0 — cos 0 O ) 

It is usual to denote cos 0 O and cos 0 by <x 0 and a, known as 
direction cosines of the incident and diffracted rays. Hence relation 
(1) may by written as 

a ( a — a 0 ) = n, A *.*(2) 

The above deduction can now be extended to the whole crystal 
considered as a three-dimensional grating. Let a ray enter the crys¬ 
tal along a path for 
which the direction 
cosines with respect 
to the three mutually 
perpendicular axes of 
the cubic system are 
a 0 , P 0 and y 0 . After 
being diffracted by 
the crystal, let the 
M ray leave the crystal 

along a path whose 
Fig. 137. direction cosines are 

a, p and y (Fig. 137). 

The diffracted rays will have appreciable intensity only if the rays 
due to the action of all the lattice-points agree in phase. Now, in 
order that this result may be produced, it is necessary that three 
conditions should be fulfilled simultaneously and they are simply the 
condition that holds good for one principle direction deduced above, 
but repeated for each of the other two principal directions in space. 
Thus we get the so-called Laue equations : 

a (a — Oq) = n, A 

a ((J — p 0 ) = n 2 A }■ —( 3 ) 

« (r — Yo) = n 3 A j 
where n 2 and n 3 are integers like n x . 

These relations (3) represent the essential features of the theory 
of the space-lattice. They indicate that every diffracted ray is charac¬ 
terised by three integral numbers (n lf n?, n z ), called the order numbers 
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which are not the same as the different orders of spectra ;which occur 
in Bragg’s relation. For, the ray that is diffracted by the space- 
lattice does not contain all the wavelengths in juxtaposition, as 
happens in the case of the plane-lattice, but is, on the contrary, 
monochromatic with a fixed value for A, as we shall see below. 

An expression for this value of A, i.e., of the ray that is diffract- 

( d with maximum intensitv in the direction (a, S, v) can be derived 
as follows : 


The equations (3) may be put in the form : 

“V 


fit QCq 

P — Po + 


Y — Yo + ^3 


a 

A 

a 

A 

a 


... (4) 


Squaring each member of (4) and adding, we get 


A 2 


a + P 2 +y 2 = a 0 2 + p 0 2 -f y 0 2 + — (n x 2 + n 2 2 + n 3 2 ) 

2A 

( a o n i + Po n 2 + Vs) 

Using the well-known relations between anv three direction 
cosmos, vtz. 


g 2 + Po 2 + To 2 = a 2 + p 2 -f- 


Y 


A 2 


1 ~~ 1 + ^ < n i 2 + n ** + »3*) + ^ (a 0 n, + P 0 tz 2 + Yo»a) 


1 


2A 


a 2 ^ + ”** + w 3 2 ) = — — (a 0 n, + p 0 «2 + Y 0 %) 


Uiit J hi f t c J ua *'' 011 (5) gives the value of the particular wavelength 

dire(>ti< n li f V ' U l y iax * Inum intensity in the direction at, p y f° r a given 
direction of incidence a 0 , p 0> y 0 . 

bv thJ l £.. dlr * ction °f Me diffracted ray (a, p, y) can be determined 
cones am ? v ' m ^ slni l^ e consideration : About the X, Y and Z axes 
dcin'inrJ \ escribed whose angular apertures have cosines sucfi as are 

the thirr/wiN cq ’ ia . tlons W- Two of these cones will intersect, while 
the otliAr^l not) ^ n general, pass through the lino of intersection of 
given li»A * W ? “'tersection of the three cones along a 

in .,j la 19 f 1 sohitely necessary for the secondary wavelets to agree 

Hence fn* 11 P ro ”J lco maximum intensity in a given direction, 
be no ar b*trariiy chosen value of A, there will in general, 

no diffracted ray. However, by altering the value of A, tho 


A == — 2 a ign n i + Po to 2 + Yn^s) 

vlh 2 “h W,* -f - W.2 


...(5) 
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ape l tures ar f also a,fcered - as seen from equations ( 4 ). If, 

]„ , e ’ e wavelength of the incident ray is changed continuous- 

/' a , a P artlc ular value of A it is possible to make all the three 

ha T® a co mmon line of intersection, which gives the direction 

t L \ rac c ra y (a, P, y). The corresponding wavelength is 

the one given by equation ( 5 ). 6 b 


^ bnn e y out the essential difference between the diffraction 

nrnt;*, 6 c fV s t a l Q T &ting and an ordinary 'plane 

nf \ * u i k a P an ? light of any arbitrarily chosen value 

j* ,. Wl iave maximum intensity after diffraction in a particular 

™nil 10n r , W J 1 t reas . with a cr y s tal grating only for certain definite 
1 , »*+i° u rac ^n will take place, the other wavelengths being 

1 ier >3 partial or complete destructive interference. For this 
reason, a Laue photograph, in which the crystal is held stationary 
wi respect to the incident beam of X-rays is always taken with 
genera or white X-radiation ; otherwise practically no spots 
wou appear. If the crystal is rotated, however, special values of 

^9* ma y be found at which monochromatic X-rays may be 

amracted. Wo now understand also why the diffraction photo 
o aine in the Laue method consists of discontinuous individual 
+k° un the continuous spectrum of all the wavelengths got in 
® method. The spots are arranged in a geometrical pattern 

re ecting tiie particular internal structure of the crystal, since the 
crystal according to the disposition of the atoms in it, which act as 

,!?. rac ^! on centres, sorts out only certain definite wavelengths for 
diffraction out of the incident * i white’* radiation. 


. °rder to make the general Laue equations (3) suitable for 

interpretation of the experimentally obtained Laue spots, we shall 
now deduce a relation between the angle of inclination of the diffracted 
ray with the incident ray and the wavelength A. 

Referring to Fig. 137, let the angle between the incident ray 

( a o* Po» ^o) an d the diffracted ray (a, p, y) be 2d. Equations (3) may 
be written as : 


a — «o — WjA/a ; p — p 0 = n 2 X/a ; T — T 0 — n z X/a 
Squaring and adding these relations, 

(a — a 0 ) 3 + (P — p 0 ) 2 + (T — Y 0 ) 2 = n i* "2 + w 2 2 + w 3 2 ~^T 

(a 2 + P 2 + y 2 ) -f (a 0 2 + P 0 2 + y 0 2 ) — 2 (aa 0 + pp 0 + yY 0 ) 

= ~~ 2 ( n l 2 + n 2 2 + n 3*) 

Using another known relation between any three direction 
cosines, viz., cos 2$ = aa 0 + pp o + yy 0 , 

A 2 

1 + 1-2 cos 2$ *= - 2 ~ (n* -f- 7i z 2 n 3 2 ) 
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2(1 


2 $) = 


A 2 


2x2 sin 2 Q = 


a 


A 2 


a 3 


(iij 2 + ?i 2 2 + n 3 2 ) 


(V + n 2 2 + n 3 2 ) 


4 4 


sin 8 — 


2a 


V n i 2 + n 2 2 +n 2 


... (G) 


The above theory developed for the ease of a simple cubic sys¬ 
tem can be readily extended to other more complicated systems. 

K r eXample ’ ln oase rhombic system which is built upon 

t irf-o mutually ]>erpendicular axes, it is only necessary to replace the 
quantity *a by three different lattice constants a, b, c in the direc¬ 
tion of the three axes respectively. 

We then get the relations : 


n 


A = 


9 .... 


a 


a 0 + (3 0 -+ 


n 


To 


n 


a 


+ 


n 2 2 
b 2 


+ 


-) 

n.f 


.. (7) 


and sin 0 



+ 


V 


+ 


n, 2 


... ( 8 ) 

, The casc the tetragonal system is given by putting b = a in 

ic above relations. In the remaining crystal systems, in which tho 

axes ot tlie lattice are oblique, i.e., inclined towards one another, tho 

iormulae become more complicated and include also the direction 

a,UJ , o{ tlle crystal axes over and above the lattice constants a, b 
and c, 

Derivation of Bragg's law from the Laue equations. Considering 
median plane MM between the incident ray (a 0 P 0 y,,), and the 

thaf 40 . ra ? it is a net pl&ne of the crystal, i.e.. a plane 

• , cu 3 an infinite net of points in the crystal lattice. Since the 

MM /I?* an i d diffracted ra ys make equal angles ( 0 ) with this net plane 
» ( *g* 137), the phenomenon of diffraction can be interpreted as 
npt °' reflection at this plane. It is to be noted, however, that other 

rav 1) 3,1108 c **ystal parallel to MM will also reflect the incident 

y penetrating through the crystal. Hence the diffraction of X-rays 

ik* ^ Utva ^ en t to ‘space reflection * from the different parallel net planes of 
*ne crystal . 

nat loosing II ns the origin of a rectangular system of coordi- 

tal * 69 cr ! incidin S crystal axes, let two points P and Q be 

tKnf n nr»° n ^ directions of tho incident and diffracted rays suoh 

M a ^ °Q = 1 ( Pig. 137 ). Then the coordinates of P are 

o ro To and of Q are a p y. 

x coordinates of any point M in the median plane be 

* Vt z. Since the median plane is tho geometrical locu 3 of equal 
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distances, PM = QM, its equation is 

( x — «o) 2 + (y — P„) 2 + (2 — Yo) 2 


(z 


- a)* + (y - P)* 

Expanding both sides, ^ ^ 

- £* t $ t J> +!' V+i«l+ >*> - 2 (». + a + »r j 

— + 3/ + 2 ) + (a 2 + P 3 + r f —2 (xa + «p + ZY) 


Since 


a o 2 + (V + Yo 2 = 1 


a' 


+ P 2 + Y 2 , 


& (oc 


**0 + 2/Po + z Yo ~ + 3/P + zy 

a o) + y (P — p 0 ) + 2 (r — Yo) = o 


Using equations (3), this relation becomes 


n 


A - y , A 

* + Wo — y + 7*3 - 2 = 0 


a 


a - ~ a 

-f Wat/ + n z z = 0 ... (9) 

Let n be some common divisor of the order numbers n lf n 2 &nd 
w 3 , t.e., n x — nh, n 2 ~ nh , n z = nl ... ( 10 ) 

where A, /: and l have no common factor. These numbers h , A, Z are 
the Miller indices of the surface MM (cf. pp. 305-6). Equation ( 9 ) 
states that a plane which is parallel to MM has intercepts on the 
crysta 11 oGraphic axes that are inversely proportional to the integers 
k t k, l which are prime to one another. And according to the funda¬ 
mental law of “rational indices” of crystallography, every surface 
that has integral indices is a possible surface, i.e., a net plane, of the 
crystal. Thus it is clear that the median plane MM and the other 
planes parallel to it can reflect the incident ray satisfying the laws 
of reflection. The order numbers n lt and w 3 of tho diffraction 

phenomenon determine simultaneously the indices h, k and l of the 
net plane. 

If d is tbe distance between the successive net planes of the 
crystal parallel to MM, it is possible, by a simple geometrical con¬ 
sideration, to show that 


a 


VA 2 + A 2 + 


for the cubic system 


... (ID 


and 


1 

d 


A 2 


k 2 


V a 2 + b* + c* 


/2 

_1 for the rhombic system ... ( 12 ) 

_ 'Ml* * 


Now, taking equation ( 6 ) and substituting n x = nh f n* = nk 
and n 3 = u l from relations ( 10 ), 

A 


sin 6 = 


2 a 


n 


V A 2 4 - k 2 + l 2 


a 


2 a 


n 


fusing eqiiation ( 11 ) 


2d sin $ = wA, which is Bragg’s law. ... (13) 

Similarly, taking equation ( 8 ), appropriate to the rhombic sys¬ 
tem, and using relations ( 10 ) and (12), the same Bragg’s formula can 
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be readily deduced. This fact confirms the general validity of 
Bragg’s law for crystals of various systems. The meaning of the 
common divisor n introduced in equations 101 is also now made 
clear : it denotes the order number of the reflection phenomenon, 
that is, the integral number of the wavelengths by which each reflec¬ 
ted ray differs from the neighbours that are reflected at the preceding 
or following net plane. 



For a given angle of reflection 8 and a given distance d between 
the net planes, equation (13) determines oneand only one wavelength 
Aj of the first order (n ~ 1) that is capable of reflection, and likewise 

one of the second, third.order, A 2 = A x /2, A 3 = A t /3,. for 

( n = 2, 3,.). Hence, if a whole spectrum has to be reflected from 

one and the same crystal face, for instance, in the first order, then 8 
must be varied. This has been realised in various ways in practice. 

Experimental results of the Laue method. The adjacent 
photo is a‘Laue spots' pattern obtained by diffraction of “white” 
X-radiation at the crystal lattice 
of ZnS. The crystal was cut 
parallel to the cube face and the 
incident beam was perpendicular 
to the crystal face. The photo¬ 
graphic plate was at a distance 
3*5 ems, from the crystal. 

First of all, the fourfold sym¬ 
metry of the pattern may be 
noted. The spots lie on a series 
of ellipses which pass through 
the central spot due to the direct 
ray. The spots on any one elli- 
j )he arc produced by planes be¬ 
gging to the same zone, t.e., 
parallel to one common direction. 

Each spot, which recurs at a 

C f nain , an £ u l ar interval about 
the axis of symmetry, has the 
same intensity and is always pro- 
uced by rays of the same wavelength. From the distribution and 
ensity of the spots it is possible to build up a picture of the cry- 

a structure, with the order of succession of wavelengths forming 
those spots being known. 


Lane spots obtained with a crystal 

of ZnS 


o 1 ’ ^ ^e borne in mind that the Laue spots are obtained 

n y in t e case of single large crystals using a heterogeneous X-ray 
earn consisting of a continuous band of wavelengths. This “white” 
» a latum method has the merit of having been a “pioneer” work and 
aving laid the foundation of X-rav analysis of crystal structure, 
e symmetry of the Laue spots affords also valuable information 
for ° 1 w symmetry. But the fact that the pattern is 

an 0 ? 6 i wavelengths renders the method more difficult to 

PP y and less powerful than methods employing monochromatic 
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radiation and securing the reflection conditions by the variation of 
the angle of incidence. 


The Bragg s X-ray spectrovieter method. We have already 
described this spectrometer with an ionisation chamber as the detec- 
ting device and the method of using it. The additional points 
referring to the present problem are : An X-ray tube with a molyb¬ 
denum target is generally used, which gives strongly the characteris- 
K radiation of the metal consisting of two principal wavelengths 
with only a comparatively faint continuous spectrum. The wave¬ 
lengths of the two chief lines Ka and Kp differ enough to be reflected 
at different angles, so that, effectively, a monochromatic X-ray beam 
is used. The wavelength of tho Ka line of molybdenum is about 
0*71 A which is very suitable for obtaining diffraction effects with 
spacing of a few Angstrom units, occurring in costal lattices. 

From Bragg’s law nX — 2d sin $, considering the first order, if 
6 is measured, knowing A, the grating space d is readily obtained. 
The crystal face used for reflecting the X-rays can be so cut that 
it is parallel first to one set of planes, then to another, and so on. 
Thus a set of values for d is obtained, each one corresponding to a 
given set of crystal planes. Expressing these values as ratios with 
one of them taken as unity, it is seen that the ratios depend upon 
the way in which the atoms are arranged in the crystal and thus the 
structure of the costal is analysed. In the actual analysis the 
spectra are conveniently denoted by the product of the Miller indices 
of the planes and the order. Thus the first order from a (1, 1, I) 
face would be called (1, 1, 1), the second order from the same face 
(2. 2, 2) and the third order (3, 3, 3). 

The structure of KCl and NaCl crystals . Let us illustrate the 
analysis of crystal structure by this method taking the case of KCl 
and NaCl, both belonging to the cubic system. 


KCl (sylvine ). Let d lt d 2 and d 3 represent the grating spaces 
for the (1, 0, 0), (1, 1, 0) aud (1, 1. 1) planes respectively. Using 
the three planes one after the other for reflecting the Ka line ot 
molybdenum, the glancing angles $ lt 0 2 and 9$ for the first order can 
be readily measured with the X-ray spectrometer. From Bragg's 
law, 


• * 


A = 2d x sin 8 X = 2 d t sin $ 2 = 2d 3 sin 0 3 
d x : d 2 : d 9 : : ^ * * 


sin Q x ' sin 9 2 * sin d 3 

The values obtained from experiment for 6 l7 6 2 and 0 3 are 5*22°, 7*3°, 
9*05° respectively, which give 

d, : d 2 : d, : : 1 : -L : 

in agreement with the theoretical values. Hence KCl belongs to the 
simple cubic system. But no information is available from the above 
data as to the nature of the constituents at the lattice corners, 
whether they are molecules of KCl or ions of K and Cl alternately. 
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a ? s ^ er t0 t * 1 * s question is obtained from observations made 

NaCl ( rock-salt ). The results obtained with this crvstal for the 
same three planes are identical with the previous case, if we neglect 

the weak reflection at the (1, 1, I) face at about 5°. But if this weak 
reflection is taken into account, we get 

i o 

JL 


d x : cL : d 


1 


\/2~ ' V 3 

a face-centred cube. 


(Fig, 138) represent 



which agrees with the calculated values for 
Hence NaCl appears to belong to this system. 

, . difference between the KC1 and NaCl crystals can be ex¬ 
plained as follows : —Let the adjoining diagram ■ — 

either KC1 or NaCl, the black dots 
showing the positions of the Cl ions and 
the circles either the K or Na ions. It 
\ See ** that the ions of the two kinds, 

*•«., the K and Cl or Na and Cl, alter¬ 
nate, forming an interlocked face- 
centred cube. 

I® ^ case of KCl we are dealing 
with atoms of atomic numbers 19 (K) 

an< * 17 ( C1 ) which in combination have 
each 18 electrons, so that each of them 

scatter to the same extent, and from 

Mils point of view are indistinguishable. 

the system of scattering centres there- 

ld ", Wl ‘!“ as though made up of a 
simple cubic unit of side a, say. 

numbers Id <1x11 pLf^inn hav ® atoms of very different atomic 
electrons iv & ^ which in combination have 10 and 18 

and.fl 1 * • tb f fi ? Ure can be seen that the planes (1, 0, 0) 

of Na and PI *° 81D V ar ln composition made up of an equal number 
layers of •nntir°i nS, Kr U * t ^ le P® anes (!■• If 1) are made up of alternate 
this face th! n ?„3! a l .?, n3 and of ® ntirel y Cl ions. If we reflect at 
the Cl ionft xi 7 *n u° n8 m act as a ^ ace * ce ntred cube of side 2a since 
wav. HflnZ V 6 se P ar ^ ed b y a distance 2a, with the Na ions half- 
resultine W ° C0 V d ne gl®ct the reflection from Na ions, the 

over mid wav I* 10 / 1 WOu ^approximate to a face-centred cube. How- 

Pive riTe to7r^ T e fu tbe 01 P lanes are the Na planes, which also 
first order rnfWf * eC ^ben the conditions are right for the 

for the refleotin 101 ? ^ planes the corresponding path difference 

planes, ^exact?v a thaf e U " at alte ^ Na and Cl 

of reflection frnJ tK °- f des 1 tructlve interference. If the intensity 
resulting 10n P^ anes were the same there would be no 

reflect m ora ^ i ^ planes with 18 electrons per atom 

atom 80 that^I^ US ^ N a planes with only 10 electrons per 

difference of in+ & erG 4 .* Wl ^ a re fi ect i°o. of intensity equal to the 

ensi ies and a relatively weak line is produced in the 
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first order. For the second order there will be reinforcement as seen 

by substituting in Bragg’s relation. The observed results may be re¬ 
presented as in Fig. 139. 


jVa iVa yVa Aa 


ce ce a ce 



Na CtNaCCNaCtNa 



Ati Aa, Act Na 

ce ce ce ce 


d/J2 


(no) 

Fig. 139 


This explanation oi the observed intensities in NaCl shows that 

the structure oi both KC1 and NaCl must be as shown in Fig. 138 

with alternate tons y K and Cl or Na and Cl, not molecules, at the lattice 
corners . 

The ionisation spectrometer method has the great advantage of 
giving accurate quantitative estimate of the intensities of the reflected 
beams, which is of the greatest importance in determining crystal 
structure, as seen in the above illustration of KC1 and NaCl. More¬ 
over, since the crystal is dealt with face by face, the origin of the 
spectra is in all cases certain. Since the method is also capable of 
yielding accurate values of 6, the dimensions of the unit cell can be 
determined with precision. But the method is laborious and slow 
requiring a great deal of time and labour if a really representative set 
of spectra is to be obtained, chiefly for complicated crystals, where 
more than three sets of planes have to be used. In practice, a fairly 
large crystal with definite faces is required to get good results. These 
drawbacks are avoided to a certain extent in the following method. 

(Hi) The rotating crystal method. The principle of this method 
devised by Schiebold and Polanyi, may be stated thus :—In general, 

for monochromatic radiation there would 
be no reflections if the orientation of the 
crystal with respect to the incident beam 
is unaltered. This is due to the fact 
that for any arbitrary setting of the 
crystal it is unlikely that any set of 
planes will be in the correct position to 
reflect. If, however, tha crystal is 
rotated slowly about a fixed axis, a 
large number of planes will come succes¬ 
sively into the reflecting positions and 
the corresponding diffracted beams will 
flash out for a moment as the crystal 
passes through the correct setting, pro¬ 
ducing upon the photographic plate, 



Fig. 140. Rotating crystal 
method. 
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arranged to receive them, a pattern of spots known as rotation photo - 

snce the method is also called the rotation photograph 



in practice, two slightly varying techn 
Jlt 1 140, a photographic plate P is 

a lew cms. from the crystal C with its plane 
normal to the incident beam. As the crystal 
is rotated, usually about some important 
axis the reflected beams from all planes 
parallel to this axis can be shown to lie on 
the surfaces of a family of cones, whose axes 
coincide with the axis of rotation and whose 
vertices are at the crystal. This family of 
cones will evidently intersect the photogra- 

P c plate which is parallel to its axis in a 
senes of hyperbolas. 

* n , V 16 oth ® r technique (Fig. 141) the 
.ctcd beams irom the crystal C are receiv- 

form^f ph0 I t °g ra P hic fil “ F bent into the 

rotation a f^ der whose axis is the axis of 
otation of the crystal. In such a case the 

norST . f u° m aH P' ar ‘ es Parallel to the axis 
normal to the axis and containing the direct I 

he cyh nd r ieal fi , m in a cire]o a « d wi ;^ect I 

reflections will lie on a horizontal line contai 

ho mCKlent beam a()ove and ; onta 

fe uZZm hy rf 0laa - The Spots S 2 

as row lines fI Jof C . U , rve8 v tra , nsverse to t 
have been wirked out P methods ° 


es are used. In. one 
iced at a distance of 



h complete rotations of the 
on the film ; hence it is 


crystal too many spots are 
usual to rock the crystal back and 

11 trough a range of only 
80°, in order to limit the spots 
on any photograph to those of 
certain indices. The angular rate 
— of rocking must be kept cons¬ 
tant, if one desires to compare 
intensities and a clockwork 
motor is used to secure this con- 


TP * i 

»g. 42. Traces obtained on the 

the From the distances bet- 

g crystal method. • ween the layer lines the lattice 

to the ftvio ,.<■ , spacing in a direction parallel 

are taken Can b , d l etermined - If rotation photographs 

separatelv rotation of the crystal about all the three axes 

Thus this m I 8 !? 6 un ^ ce ^ structure can be estimated, 

e oa is a powerful one, which gives within the compass 


uuaon. 
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of three photographs not only the size of the unit cell but also a very 
large number of spectra with a large range of indices. Further, small 
imperfections of the cr\'stal, which ordinarily produce spurious effects, 
completely disappear on account of the rotation of the crystal. 

(tv) The powdered crystal method . All the methods described 
above require single crystal whose size is greater than microscopic 
dimensions. But in many truly crystalline solids individual crystals 
large enough even for the rotation photograph method never occur. 
Such substances are readily examined by this method, devised inde¬ 
pendently by Deb} T e and Scherrer in Germany and by Hull in 
America about the same time (1916) and called powdered crystal 
viethod or powder photograph method . 

The principle involved in this method is as follows : If a mono¬ 
chromatic X*ray beam is allowed to fall on a small specimen of the 
substance ground to a fine powder, the orientations of the minute 
crystal grains being completely at random, a certain number of them 
will lie with a given set of lattice planes making the correct angle 
with the incident beam f*»r reflection to occur, while another fraction 
of the grains will have another set of planes in the correct position for 
reflection and so on. Further, reflections are possible not only from 
the different sets of planes but also in the different orders for each set. 
Since all orientations of the grains are equally likely the reflected rays 
will form a cone whose axis is in the direction of the incident beam 
and whose semi-vertical angle is twice the glancing'angle. For each set 
of planes and for each order there will be such a cone of diffracted 
rays. Their intersection with a photographic plate with its plane 
normal to the incident beam form a series of concentric circular 
halos, from the radii of w hich the glancing angle and hence the 
spacings of the planes can be deduced. 

The experimental arrangement is shown in Fig. 143. The 
X-rays used are made approximately monochromatic by an appro¬ 
priate filter F, zirconium 
oxide being used in the case 
of molybdenum radiation. A 
narrow pencil of this mono¬ 
chromatic X-rays, suitably 
limited by lead slits Sj and 
S 2 , falls on the powdered 
specimen P. Fine powder 
stuck on a hair by means of 
gum is-suspended vertically 
in the axis of a cylindrical 
camera, which enables sharp 
lines to be obtained. The photographic film fits round the inner 
surface of the camera covering nearly the whole circumference in 
order to record beams diffracted up to nearly 180°. The film strip is 
usually long in its horizontal dimensions, so that only arcs of circles 
appear on the film, on developing. The X-ravs after falling on the 



11 &?m 

Fig. 143. The powdered crystal method. 
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powder passes out of tlie camera through a hole cut in the filrri, in 

order to minimise the fogging produced bv the scattering of the direct 
beam. k ' 

... The traces obtained on the photographic film are somewhat 
i c t ose shown in Fig. 144. The curvature of the trace changes as 
the angle of diffraction passes 
through 1)0°. Circles of increas¬ 
ing radius of curvature appear 
as fhe angle of diffraction in¬ 
creases and at 90° straight lines 
are obtained. The sign of the 
curvature then changes. 


7!MP~® him 


Fig. 144 . Traces obtained on tho 
photographic film in tho powdered 
crystal method. 


, crystal structure can be obtained from the arrangement of 

e traces and their relative intensities. If a spectrum with glancing 
angle Q is found at A (Fig. 143) which is at a distance R from O 
wiiere the direct beam strikes the film and if L bo the radius of the 
m rical camera, then 8 = R/2L. The value of 8 being thus found 

the planes involved is readily obtained from Bragg’s 

Taking 2 d sin 8 = n\ and differentiating 

A d. sin 8 -I - d cos 8. a 8 = 0 
since n and A are constants. 

. A 8 tan 6 

■ * . _ . . 

A d d 

As the angle 8 approaches 90°, A0 / Ad becomes verv great, so that 
small variations in d produce large variations in 8 . This means 
\ e8< >W'txon when the rays are reflected back through nearly 180°. 

ms is the reason why spectra for which the semi-Vertical angle is 

greater than a right angle are obtained by the use of the long cvlind- 
i m nearly surrounding the crystal powder. 

} s applicable to any kind of crystalline matter, 

(Treat u * vidual crystals may be. It. is particularly of 

tvnp f 86 i n investigating the structure of simple crystals of the cubic 

nW „° r T i 1C r the . s P acin ^ s the unit cell are all’equal. For com- 
cnmniiJx J In ?'k* c h tho axes are not at right angles the traces are 
howevp 4 f ai Y* iden tifi ca tion becomes extremely difficult. It is, 
allovQ fu ° va ^ ue in the case of substances, such as metals and 

crvfttflio e 8 Tnctures of which, owing to their never forming large 

graph device ^ n °^ eas ^3 T determined but for this powder jihoto- 

All i °k*ained by X-ray analysis of crystal structure. 

tvoes nf ° U y 1 J ae th°ds, each one being best suited for particular 
losranhiA r ^ 8 "?; 8 ’ aro us cd in laboratories well equipped for crystal- 
niade 1 nnl WOr ^* Although considerable progress has already been 
^ * y comparatively simple structures have so far been analysed 
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with any approach to completeness. Nevertheless, thanks to X-ray 
crystallography, the following important results have been obtained :— 


(a) The type of regular arrangement formerly associated only with 
definite crystals is now found to be characteristic of all solids , so that the 
study of crystal structure becomes really the study of the architecture 
of matter in the solid state, which is of fundamental scientific im¬ 
portance. Compounds which would be destroyed by chemical analy¬ 
sis can be studied by X-rays, intact. It is possible to examine very 
minute quantities oi material and even if the material is mixed up 
with some others. By measuring the crystal lattice spacing accu¬ 
rate^, the coefficients of thermal expansion of crystals can be deter¬ 
mined and this can be done for very small particles by the powder 
method. 


(b) The chemical theory of the solid state has been greatly influenc¬ 
ed by the X-ray crystal anatysis which has thrown light on the 
type of forces acting between the ions and the atoms constituting 
molecules. Thus, in the case of NaCl, since it consists of Na 4 * and 
Cl" ions even in the solid state, as established by X-ray analysis, the 
type of force is one of electrostatic attraction between oppositely 
charged adjacent ions. This is known as heteropolar binding as dis¬ 
tinguished from the homopolar binding met with, for instance, in the 
hydrogen molecule. 

(c) The crystal structure of metal. X-ray analysis has clearly 
proved that most metals and alloys are crystalline in structure. A 
simple metal or alloy is a crystalline aggregate built with positive 
metallic ions and free electrons, which fact calls for a third type of 
binding force known as the metallic bond. Most of the metals 
and alloys belong to the cubic, tetragonal and hexagonal types of 
crystals. 

(d) The internal structure of the atom. X-rays provide us with a 
kind of “supermicroscope” with which we can see even the interior 
of the atom and this brings out the importance of the study of 
X-rays in atomic physics. By the analysis of the photoelectric effect 
of X-rays, for instance, it is possible to determine the existence and 
nature of the electron configuration in the atom. 

Industrial applications. X-ray applications in industry 
cover a very wide field. Just a few examples may be mentioned 
here. 

(t) To detect and photograph defects within a body, such as a 
metal plate, a machine part or tubes intended to withstand high 
pressure, etc. 

(u) To analyse and control alloys and other composite bodies by 
determining the crystal form in an ingot and by following the effect 
of composition, heat and mechanical treatment on a given specimen. 
In this way, alloys like cobalt-nickel steels, bronzes, duraluminium, 
porcelain insulators, artificial pearls, old paintings, etc , have been 
analysed. 
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(tii) To study the structures of cellulose , rubber, fibres, plastics, 
etc., which are found to diffract X-rays in such a way as to give 
valuable information about the molecular grouping in them. 

Medical applications. X-rays found their first and most 
important practical application in this branch of science dedicated to 
the physical welfare of the human body. Scarcely three months after 
their discovery by Roentgen they were used at a hospital in Vienna 
in connection with surgical operations. Since then they have com¬ 
pletely revolutionised certain phases of medical practice. X-rays are 
used nowadays both in medical diagnosis and cure. 



. - - fl V m Since bone, which contains relatively heavy 

elements such as phosphorus and calcium, is more opaque to X-raye 
than flesh which consists of lighter elements (H 2 , C, N O.) if the 
h..nn a " body is interposed between a source of X-rays and a’fluores- 
t i ' ‘^creen, he shadows cast by the bones on the screen are denser 

° 8e C t St u b u the - fleshy p° rti0ns - This is the principle of the 

i2TJ^ h r ing 'I* 6 6ffeCtS - 0f accidents affecting the^nternal 
aravhs or t body ’ ,® uch as foreign objects, fractures, etc Radio - 

fnLmo ni ? r convenie u nt scrutiny at leisure. Short exposures and 
CTanhv P Th^ re a S T ♦ he C r' e I poi,lts to be considered in radio¬ 
the resultimfL f If P boto 8 ra P bic pulsions and the intensity of 
investigators {mf beCn studled with 8 ood results by numerous 
of stereos conic radi^, Th V ms01 ?. ™ ade the very important discovery 
an obWtT th<£*?*** r h * ch . cor ‘ sists ^ taking X-ray photos of 

body in whicM™‘emMd2!' h ° f ° bieCt bel<lw the 8 ' ,rfacc of the 


SSI fcrtrti^ dingno-o 

such cases, a ‘‘barium’' or “bismuth** body. In 

barium sulphate nr hi em mea * which consists in mixing 

the patient. Some time afte^thrmeaTh^s h^ i8 u ™ 1 given to 
settle in the intestinfs effl ;f meal bas been taken, these powders 

intestines stand out in contrast to^hfi 1 ^?™ ^ ^ ken afc that time the 

,h “ ol “ r " nd 

for thebT^dv^properti^anTt^K “ 0t f nly for dia g nosis hut also 

as X-ray therapy. P Thm effect f/ff, bra ? cb of application is known 

X-raysf on absorb L i° ng - time - Thia « dua to the fact that 
high speed, which collide 1 ^ with of 
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and knock out electrons. This changes the structure of the mole- 

eu es and the tissue dies away. Hence if X-rays are allowed to act 

upon abnormal tissues, which are the cause of a disease, the affected 

tissues will die a way leading to the cure of the disease. One great 

difficulty in X-ray therapy is that normal tissues might be dastroyed 

along with abnormal ones. This is ordinarily overcome by a device 

known as the “cross-fire method” in which X-rays from several 

sources are concentrated on the abnormal tissue, while X-rays from 

a single source alone will pass through normal tissues. X-ray therapy 

has produced good results in certain forms of cancer. On account 

of the harmful effect that accompanies the curative effect, proper 

dosage must be fixed both as regards quality and quantity of radia¬ 
tion used. 



CHAPTER V 


Radioactivity 

Introduction. Radioactivity is a spontaneous and self-disrup¬ 
tive activity exhibited by several of the heavy elements of atomic 
weights greater than about 206, occurring in nature. The activity 
consists in the emission of a complex type of powerful radiations, 
composed of three distinct kinds of rays, known as the alpha (a), 
beta ((3) and gamma (y) rays. The result of this activity is the break¬ 
ing up of the element itself for good, i.e. t an irreversible self-disinte¬ 
gration. The activity is spontaneous in the sense that it arises solely 
from intrinsic natural causes, unaffected by any external agent, 
physical or chemical. As a matter of fact, heat enough to melt any 
element, cold enough to freeze any substance, electric fields high 
enough to tear electrons out, intense magnetic fields, all these have 
been tried on radioactive elements, but in every instance the activity 
remains unaltered. 

It may be noted that the modern technique of artificial trans¬ 
mutation of elements has been able to produce radioactivity in many 
other elements much lighter than those that occur in nature. This 
has necessitated a distinction between natural radioactivity , t.e., of 
elements as found in nature, and induced radioactivity, i.e ., artificially 
produced; but whatever be its origin, natural or induced, the activity 
itself is always spontaneous for reasons given above. Further, the 
activity is not instantaneous but prolonged, t.e., delayed action, 
extended over a certain period of time ; otherwise it could not have 
been discovered at all, nor would it have been called by a special 
name “radioactivity” although a real disintegration might take place. 

The discovery of natural radioactivity marked the beginning of 
one of the most fruitful developments of modern physics and a de¬ 
tailed study of it has been of utmost importance in atomic physics 
orming the basis of many highly suggestive discoveries about the 
a ro, such as the nuclear atom model, isotopic constitution, artificial 
^integration, induced radioactivity, etc. A close analysis of natural 
radioactivity has also given very precious information about the 
structure and stability of the innermost and essential core of the 
a m, the nucleus; from these unstable and self-disintegrating nuclei, 
our knowledge of the nucleus, as regards its constituents, their rela- 
lve disposition and mutual interaction, has greatly advanced. 

Among the various researches relating to this most important 
p lenomcnon, some have been well established for a long time now, 
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so that they may be considered as classical , while others are of more 
recent date and mav therefore be treated as modern . The former 
include : 

(1) The discovery of the phenomenon. 

(2) Initial researches which led to the recognition of the exis¬ 
tence of the three types of rays, a, P and y. 

(3) Fundamental laws governing the phenomenon, such as the 
“displacement law ' which is effective in classifying the different 
radioactive elements into series , the “exponential law of the rate of 
disintegration ” which serves to distinguish the radioactive elements 
one from the other, by certain specific constants, like the disinteg¬ 
ration constant A or the half period T, and the 44 law of successive dis¬ 
integration” which defines the conditions of radioactive equilibrium* 

(4) A detailed study of the three types of rays, by which it was 
possible to identify them with other well-known entities, viz., alpha- 
rays with a stream of high speed helium nuclei, beta-rays with fast- 
moving electrons, gamma-rays with electromagnetic radiation. 

(5) Uses of radioactivity. 

The modern researches on radioactivity are chiefly concerned 

with : 

(t) a more detailed scrutiny of the three radioactive radiations 
as regards their origin, nature and interaction with matter, which 
has thrown a flood of light on the intrinsic constitution of the atom ; 

(«) artificial disintegration, which has led to the discovery of 
not only induced radioactivity but also new particles like neutrons 
and positrons, that constitute part of the building materials of the 
atom according to modern conception. 

In the present chapter we shall deal only with the older and 
classical researches leaving the more recent ones to be treated subse¬ 
quently at appropriate places. 

DISCOVERY OF RADIOACTIVITY 

Henri Becquerel, a French Physicist, was the first to discover in 
1896 (a few months after the discovery" of X-rays by Roentgen) 
radioactivity in some uranium salts. The discovery was quite 
accidental, as Becquerel was investigating an interesting point in 
connection with X-rays, which was in no way connected with radio¬ 
activity, viz., the possible relationship between the fluorescence of the 
glass walls of an X-ray tube accompanying emission of X-rays and 
the phosphorescence of certain fluorescent salts activated by sunligh . 
He was actually experimenting on the double sulphate of uranumi 
and potassium and as no sunlight was available due to clou y 
weather, he left the substance wrapped up in paper in a drawer 
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where there were also some photographic plates cohered in black 
paper. A few clays later, he discovered that the photographic Pj&te* 

were 
salt 
that 
whi( 

plates. To see whether the guess was correct, he performed a series 
of experiments using a light-tight box inside which the uranium salt 
and a photographic plate were arranged either in contact with eacn 
other or separated by thin sheets of aluminium and the results 
obtained clearly showed that the active radiations came from the 
uranium salt itself and that exposure to sunlight had no influence 
whatever on the phenomenon. 

Becquerel, continuing his researches with different compounds 
of uranium, in solid form and solutions, found that the newly dis¬ 
covered radiations were emitted by uranium, irrespective ol its state 
of chemical combination and physical conditions of temperature and 
that there was no connection between this phenomenon and phos¬ 
phorescence. Further experiments proved that these radiations 
caused the discharge of electroscopes by ionising the air through 
which they passed. The name of “Becquerel rays” was first given to 
the radiations emitted by uranium. It was later changed into radio¬ 
activity to designate all such rays emitted not only by uranium but 
by several other substances which were soon discovered, such as- 
thorium, radium, polonium and actinium. 

The most significant discovery among these was radium, made 
by Madam Curie and Pierre Curie, her husband, in 1898. In a careful 


i affected, though they were well packed in black paper .mu • ^ 
itself had not been exposed to sunlight. He therefore surmised 
the uranium salt even vbrihe dark migiit bo emitting radiations 
;h nenetrated the paper wrappers and affected the photographic 



Madam Curie 


Pierre Curie 


search to discover the phenomenon of radioactivity among a number 
of minerals, Mme. Curie found that pitchblende, a uranium mineral, 
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was many times more active than a pure uranium salt. By fractional 
crystallisation the Curies succeeded in separating from the mineral 
two new highly active elements which were named radium and 
polonium. The activity of polonium is many times that of uranium 
but that of radium enormously greater—more than a million times 
that of uranium for equal weights. 


In the same year, 181)8, Schmidt discovered radioactivity in 
thorium which was more or less of the same strength as in uranium* 
Debierne in I 900 was able to separate from pitchblende in association 
with the iron group another radioactive element which was named 
actinium. Its activity is comparable with that of radium. From 
amongst the most important of the remaining radioactivo elements, 
radtothorium and mesothorium were discovered by Hahn in 1905 and 
1907 respectively ; ionium in 1907 bv Boltwood and Hahn indepen¬ 
dently. In the same year Campbell succeeded in establishing the 
radioactivity in potassium and rubidium . The discovery of protacti¬ 
nium was made by Hahn and Meitner in 1918. Hevesy and Paul in 
1932 showed that samarium was also a radioactive substance. The 
process of separation of the radioactive substances from the original 
mineral ores is an exceedingly difficult task, a ton of uranium ore, 
for instance, yielding only a few decigrams of radium. 


INITIAL, RESEARCHES ON RADIOACTIVITY 

From 1898 onward there was a tremendous rush of investi¬ 
gators into the new field, exploring almost every conceivable aspect 
of radioactivity—chemists ascertaining tho chemical properties of the 
radioactive elements and physicists observing their physical proper¬ 
ties. From these researches it soon became clear that there is noth¬ 
ing abnormal about these radioactive elements as regards their 
physical and chemical properties and that they all have their places 
in the periodic table Thus, for instance, radium, except for the 
special feature of activity, fits in at the end of the second group of 
the periodic table having chemical and spectral properties similar to 
calcium, strontium and barium, the other members of the same group. 
Heuce tho ordinary physical and chemical properties of the radio¬ 
active elements will not help one very much in the study of the 
phenomenon except indirectly in so far as the pure radioactive ele¬ 
ments are separated from the parent mineral ores by the use of 
chemical and physical methods. 

The various effects produced by radioactivity, such as photo¬ 
graphic action, penetrative power, ionisation of gases, production 
of scintillation on fluorescent screens, development of heat, chemical 
effect, etc. were also studied extensively in the initial researches. 
These investigations not only paved the way to some very important 
applications in science and industry, but also were extremely helpful 
in the progressive understanding of the phenomenon. Thus, for 
instance, the very discovery of radioactivity was first made by the 
photographic action and the photographic plate still remains a very 
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suitable piece of apparatus for some important experiments on radio¬ 
activity ; the working of the electroscope which forms an essential 
part of the technique of radioactive measurements is based on the 
ionising property of the rays ; their penetrative power has been uti¬ 
lised in the original distinction of the three kinds of rays that consti¬ 
tute radioactivity. 

The researches conducted by Lord Rutherford, Mme. Curie and 
William Crookes at the initial stages of the study of radioactivity 
* may be mentioned on account of the very important conclusions 
that have been drawn from them. 

Soon after the discovery by Becquerel, Lord Rutherford and 
his collaborators at Cambridge investigated the penetrating power of 
the radiations from uranium, using sheets of tin-foil as absorber and 
the gold leaf electroscope to measure the intensity of ionisation pro¬ 
duced by the transmitted radiations and showed that the original 
radiations emitted by uranium were of two distinct kinds : the one, 
very soft, easily absorbed and capable of producing intense ionisa¬ 
tion, which Rutherford called the a-rays, and the other, much more 
penetrating than the first and much less effective as an ionising 
agent, which he called the (3-rays. With this finding it became clear 
that the radiation which affected the photographic plate in 
Becquerel’s experiment was the [3-rays. It was later discovered by 
Villard that there was also a third kind of rays still more penetrating 
than the above-mentioned two and it was named the y-rays. 

The existence of these three distinct types of radiation can be 
demonstrated by a simple experiment first devised by Mme. Curie. 
A small amount of radium preparation 
R (Fig. 145) is placed at the bottom of 
a small hole drilled in a lead block, so 
that a fairly parallel beam of a radiation 
from R will issue at the orifice S. A 
photographic plate P is placed a short 
distance above the lead block to receive 
the rays. The whole arrangement is 
placed in an air-tight chamber C which 
is kept evacuated by a vacuum pump 
in order to avoid absorption of the rays. 

. ®trong magnetic field is applied at Fig. 145. Arrangement used 
right angles to the plane of the figure to differentiate a, 3 

and directed away from the reader. and Y' ra y fl * 

. After a fairly long exposure, if the photographic plate is deve- 
loped, three distinct blackenings will be found on it, proving the 
existence of the three distinct types of radiation. The one on the 
ett lying on the arc of a circle of large radius must have been made 
by one group containing positively charged particles of comparative- 
y heavy mass. These are the a-rays. The one to the right situated 
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<ilso on the arc of a circle of much smaller radius must have been 
made by a second group containing negatively charged particles of 
very light mass and these are the p-rays, The third central trace 
must have been produced by rays, unaffected by the magnetic field 
and hence undeviated, which are evidently the y-ravs. 

Mine. C urie and her collaborators, using the electrical method 

based on the ionising property of radioactivity, similar to that 

employed by Rutherford, were also able to show that the activity of 

any uranium salt was directy proportional to the quantity of 

uranium in the salt, thus proving that radioactivity is an atomic 

property independent of the state of chemical combination of the 
atom. 


Sir William Crookes in 1900 showed that if uranium salt is pre¬ 
cipitated from solution by means of ammonium carbonate and then 
re dissolved in excess of the carbonate reagent, a slight precipitate 
remained which was several hundred times more active in photo¬ 
graphic action than the original uranium. This active residue 
he called uranium X (UX) and its occurrence at first appeared 
to contradict the view r that radioactivity is an atomic property. 
But the correct explanation was found in the formation of a new 
radioactive substance during the emission of radiations by the 
original substance. The intense photographic action being due to 
p-rays, the new radioactive UX was emitting p-rays. Had the ex¬ 
amination been done by means of the ionising property which is 
mainly due to the ot-rays, it would have been found that the original 
uranium still possessed this power and not the UX. , 

Becquerel later found that if the uranium and UX were kept 
aside separately for a year, a remarkable thing resulted, viz., the 
uranium had regained its former activity while UX had completely 
lost its activity. A more careful study established that the activity 
of UX decayed exponentially while the activity of uranium recovered 
in a complementary manner. This led to the important conclusion 
about radioactive changes, viz., the emission of radiations by a radioac¬ 
tive substance is accompanied by a change or a series of changes in the 
nature of the substance, both in its physical and chemical properties 
so profound that a really new substance is formed from the original 
substance. This new substance may be solid, liquid or gas and its 
rate of decay may be rapid or slow. On removing the material of 
the new substance from the parent material, the activity qfthe 
latter is reduced at first by exactly the amount of that due to the 
new substance, but on being then allowed to remain undisturbed its 
activity will increase owing to the production of the new material 
until the loss by decay is balanced by the further production, in which 
case a condition of equilibrium is reached which explains why the 
activity of . the unseparated mixture of the uranium and UX, for 
instance, is constant. 
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FUNDAMENTAL LAWS OF RADIOACTIVITY 

(1 ) The displacement law and radioactive series. Ruther¬ 
ford and Soddy were the first to give a simple explanation of the 
spontaneous production of radioactive 
,! ■ o served experimentally. They 

argued that the stoma of the radioactive 
elements must undergo disintegration when 
the\ emit a or (3-rays which are corpuscular 
in nature. The original atoms disappear 
giving rise to new atoms. These are also 
radioactive leading to a long chain of 
antcrent radioactive atpms in the form of a 
senes. The transformations go on until an 
inactive substance is reached. 

Soddy and Fajans discovered, in 1913, 

a ^ aw k nown as the displacement law 

which governs these radioactive changes. 

At can be stated as follows ; 

In all known radioactive transformations either an cl or a (3 -particle 
* 6 ’ mver both or more than one of each kind ) is emitted by the atom. 

When an a-particle is emitted, a new atom is formed whose mass 

num er is less by four umts and atomic number less by two units than 
those of the parent atom . 

When a ^-particle is emitted , the new atom formed has the same 
mass number but the atomic number is increased by one unit. 

. , "T* 11 ® ! ® w 18 read ‘ly understood since the a-particle, identified 
, e nucleus, has a mass four times the mass unit and a 

ge twice the unit charge, while the (3-particle identified w ith the 

n * as on ^y a vory small mass, though a complete unit of 
negative charge. r 

With the help of the displacement law, one can determine easily 
• and atomic numbers of the different elements in the succes- 

a ioactive changes, provided the mass and atomic numbers of 
one among them are known, for instance, those of the first. The 
erent atoms produced at the different stages of disintegration 
naturally form a series. Three such series are known, which are 
e< to uranium^r odium , thorium and actinium series, as shown in 

the table below : — 
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TABLE OF RADIOACTIVE CHANGES 

Uranium series : Thorium series : Actinium series: 


9 aUI 238 

^ a 

90 Th 232 

gjAcU 235 
| a 

90 UY 231 


4 a 

4 P 

L UZ 234 91 UX 2 2*4 

ggMsThj 228 

91 PrAC 231 

P\/P 

4 P 

v a 

4 a 

M UI1 234 

B„MsTh 2 228 

g 9 Ac 227 

l CL 

4 P 

4 P 

9 0 I0 230 

ggRdTh 228 

9n RdAc 327 

| a 

4 a 

4 a 

88 Ra 226 

ggThX 224 

ggAcX 223 

4- a 

4 a 

4 cc 

ggRn 222 

ggTn 220 

86 An 248 

| a 

4 a 

4 ol 

84 RaA 218 

84 ThA 218 

84 AcA 215 

4 . a 

4 « 

| a 

gt RaB 244 (Pb) 

gaThB 212 

gjAcB 211 

IP 

4P 

4 P 

gsRaC 214 (Bi) 

g S ThC* 12 

gjAcC 211 

*/\P 

*/\P 

«/\P 

RaC" 210 g 4 RaC' 214 (TJ) 

g iThC »208 84 ThC' 212 

gjAcC'^^AcC' 211 

P\/« 

P\/« 

P\/« 

gsRaD* 10 

gaThD 208 

82 AcD 207 

4 P 

(stable Pb) 

(stable Pb) 

63 RaE 210 (Bi) 



^P 

84 RaF 210 (Po) 


I* 

82 RaGr 206 ' 

(stable Pb) 

The study of these series is important, since it not only brings 
out the sequence in the formation of the different radioelements but 
also leads to the knowledge of the existence of isotopes. The dis¬ 
covery of isotopes among the natural radioactive elements was in 
fact the starting point in the search for the isotopic constitution of 

stable elements. 

Let us consider one of the series, say the uranium-radium 
series. Uranium ( 92 UI 238 ) emits an a-partielc and is transformed into 
UXj (goUXj 234 ). The mass number is affixed as a superscript while 
the atomic pumber as a subscript. UXj is quite a different element 
from UI, produced newly in the emission of a-particle by UI. The 
new element is four units less in mass number and two units less in 
motaic number. It is radioactive and emits (3-particle by a branch¬ 
ing process forming 9t UZ 234 and 61 UX 2 234 . Atoms of this kind which 
have the same mass and atomic numbers but are still distinguished 
by their different (3-activity are known as isomers . Roth these 
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elements emit a (3-particle each and form a common product 92 tTT 234 
which has the same atomic number as UI but a different mass num¬ 
ber. UI and UJI are known as isotopes. UX } , UZ, UX 2 and UII, on 
the other hand, have the same mass number 234 but different atomic 
numbers 90, 91 and 92. Such atoms are known as isobars. The UII 
atom emits an a-particle and becomes ionium ( 90 to 230 ), an isotope of 
UXj. Ionium, in its turn, emits an a-particle and is transformed 
into radium f 88 Ra 226 ). Radium ejects an a-particie and gives rise to 
radon ( 85 Rn 222 ) which is also known as radium emanation . Two 
successive a-particle emissions cause the formation of radium A 
( 84 RaA 218 ) and radium B ( 82 RaB 214 ). Radium B loses a (3-particle 
and is converted into 8 3 RaC 214 . RaC breaks up in two ways, 
99.96% emit [3-particles and become RaC (^RaC 214 ), while O'04% 
emit ot-particles and become RaC" ( 81 RaC"- l °). Radium C' and C" 
emitting an a-particle and a [3-particle respectively produce a 
common product Radium D ( 82 RaD 210 ). Ral) emits a (3-particle and 
becomes radium E ( 83 RaE 210 ) which emitting a |3-particle becomes 
84 RaF 210 (polonium) which, in its turn, ejecting an a-particle becomes 
a stable end product 8a RaG 206 , an isotope of lead. It may be noted 
that along the series several examples of isotopes and isobars are met 
vuth. Also certain non-radioactive elements are isotopic with some 
o t e radioactive elements in the series. Thus, for example, stable 
bismuth whose mass number is 209 and atomic number is 83 is iso¬ 
topic with RaC. Similarly RaB and RaD are isotopic with non- 
radioactjve lead, since all of them have the same atomic number 82 

but different mass numbers. The other two series can be studied in 
a similar manner. 


All the three series exhibit very many similarities 

f 1 ? aJ1 of them the 0 product disintegrates in a branching 
p as, either a or p. The two substances thus produced are then 
transformed in such a way as to give a common D product. 

X ^ al1 ^ he three there is an element of atomic number 86 
!mi^ ha Q^ he ch " mical Properties of an inert gas and is called ema- 
anntHpr K ® three emanations, which are isotopic with one 

xannn +R b ° ng t0 ““l® famil y as helium, neon, argon, krypton, 
tt ; i ey are C " ra n 0n> < Rn >.> thoron (Tn) and actinon (An)! 
eases * e ^P enr nenta^ily established that all of them behave as 

radoTi J L T’ Ru 1 th 1 erford a nd Soddy were able to condense 
len™ temperatures below - 150°C. They can all be readily 

eenerallvin ei , n ^. S a3eoas * Xrom their respective parent substances, 
kent fJ A1 ? of them emit only a-particles, but when 
ever do nnf 6 ime 3-particles and y-rays also appear. These, how- 

so-called aoH™ I* 0 ^° m r the enia nations themselves, but from the 
The artivft h eposits formed w F hen the emanations disintegrate. 

ducts are 1 Jr^T of A — B — C — C # — and C" pro¬ 
emanations actlve and are solid unlike the gaseous parent 

to the amoiint ^ amoun t of active deposits formed is proportional 

of emanations present. These products are readily 
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deposited upon any surface exposed for a short time to the emana¬ 
tions. 

(c) The stable end-product of each of the three series, having 
atomic number 82, is an isotope of lead. From the uranium series 
we get Pb 206 , from thorium Pb 208 and from actinium Pb 207 . These 
three isotopes are also the main constituents of ordinary inactive 
lead of chemical atomic weight 207*2. A convincing proof of the 
correctness of the displacement law and the radioactive series has 
been obtained by examining with high resolving power instruments 
the spectra of the lead obtained from the three series. The different 

leads exhibit isotopic shift in their line spectra and can be individu¬ 
ally identified. 

Note :—(t) Radioactivity outside these series. All matter shows 
a very weak radioactivity which, in most cases, has been proved to 
be duo to the presence of small quantities of the elements of the 
series mentioned above. A gram of any element contains about 
10~ 15 gin. of radioelement. However, five cases have been found, in 
which the radioactivity has been proved to be characteristic of the 
element itself, i t e, t not due to a contamination of the elements of the 
three known series. They are (1) the isotope of potassium )0 K 40 
emitting both p-particles and y-rays, (2) the isotope of rubidium 37 Rb 87 
emitting (3-particles, (3) the isotope of samarium fl2 Sm 147 emitting 
a-particles, (4) the isotope of lutecium 71 Lu 176 emitting {3-particles and 
(5) the isotope of rhenium 7t> Re 187 emitting {3-particles. The activity 
of all these five radioactive isotopes is very weak and extends over 
a very long duration of time, as indicated by their half-periods ; 
K 40 — 1*4 x 10 9 j^ears, Rb 87 —5*8 x 10 10 years, Sm 147 — 1*25 x 10 11 
years, Lu 178 — 4*5 x 10 10 years. Re 187 — 4 x 10 12 years. This is 
not surprising, as they occur in regions of the periodic table where all 
other natural isotopes are stable. It is to be noted that all of them 
except Sm 147 have isobars :— 


A40 

1S A 


*oCa« 


S7 Rb 87 

»Sr* 7 


a *Sm 147 


7 0 Yb m 

n Lu 17 * 

jgHf 17 ® 


7 6 Re“ 7 

7 *Os“ 7 


The radioisotope K 40 is of special interest. It is the lightest 
natural radioisotope known, except tritium H 3 (isotope of hydrogen). 
At present it constitutes only 0*0119% of natural potassium, but in 
the remote past it must have been in a much greater proportion and 
produced, on decaying, considerable amount of heat in the earth's 
crest. The decay of the products of the three regular series also supply 
the earth with a great amount of heat, but the quantities of these 
elements have decreased more slowly than K 40 . As a result, the 
thermal equilibrium between radioactivity, the sun's heat and radia¬ 
tion into space must have been very sensitive to the amount of K 40 
present in the geological past. Hence it is thought that the decay of 
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K 40 must have been the chief determining factor in the cooling of the 
( ‘ :if 'tb up to the formation of its crest. 

i * * * was not possible to explain the existence of 

radioactivity outside the three regular series. But with the dis¬ 
covery ot artificial radioactivity even in light elements, the observed 
phenomenon has been satisfactorily accounted for. 

(ii) Unit of radioactivity. In radioactivity it is the number of 
radioactive atoms which disintegrate in unit time that is of real 
importance rather than the total amount of the substance expressed 
y weig it or in number of atoms. The unit of radioactivity chosen 
is called the Curie which is defined as the activity of one gram of 
radium m '' Inch 3 71 x 10 10 atoms disintegrate per second. Making 
,use of the fact that the volume of radon which is in equilibrium with 
a tixcd quantity of radium is constant the Curie is also defined as 
the amount of radon in equilibrium with one gram of radium. Calcu¬ 
lation and experimental measurement give 0 60 cubic mm. at N T P 
as the volume of radon in one Curie. On account of the great aeti 
vity and high cost of radium, the “ millicurie ,” a subunit tli nart 
of a Curie, is ordinarily used as the standard of radioactivity 1 

ch L - a ? g overi »ing radioactive disintegration and the 
characteristic constants of radioactive elements! viz decav 
constant A, half-period T and mean life T . The fundament^ 
assumption of the theory of radioactive disintegration, which tl . , 

rrr. h ‘ ve tst 1 * *• —t 

rr-rr 1 *,'• ? h “ ,h * 1 ““ ,,umb “ •>< »«> •> 

. P ^ ar *y instant is proportional to the number orespnt at 

atl\T nt ; ° r ’ in ° thCr WOrds ’ ^ ual factions of The radSive 

atoms disintegrate in equal times. loactive 

tant num ^ er °f radioactive atoms present at any ins- 

’ rate decrease — d~N t /dt is proportional to N<. 


* • 


_ dN t 
dt ~ 


A . N. 


of *" fssr 

The above relation can be written as 

dU t 

r N< 

integrating both sides, 

dN. 


= — A . dt 


= - X f dt 


X, 

If thn v _ ^ ^ + C (integration constant) 

If the number of radioactive atom, initially present be N„ .L 
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t — 0, N, = N 0 ; applying this initial* condition to the above rela¬ 
tion, 

log, N 0 — — A x. 0 -f C or C — log,N 0 

log,N, = log, N 0 — A t or N, = N 0 e~*f 

which is an exponential relation. This means that the number of 
radioactive atoms remaining unchanged decreases rapidly at first, 
then more and more slowty, as time goes on. 

Period of radioelement . According to the exponential law of 
disintegration, an infinite time is required, theoretically speaking, for 
the radioactivity to disappear completely and in this respect all 
radioelements are the same. Hence, in order to be able to compare 
one radioactive substance with another, a quantity known as the 
“half period” or simply “ period” (T) is often used. It is defined as 
the time in which the radioactive atoms are reduced to half their 
initial amount and is estimated as follows : — 

In the relation N, = N 0 e"^ , replacing t by the half-period T, 


we get, 



T is therefore inversely proportional to A : the greater the 
value of the disintegration constant of a radioelement, the shorter 
will be its period. The period T is a characteristic constant of the 
disintegrating substance like A and can be employed to differentiate 
radSments, e.g., T for radium is 1590 years, while, for radon it is 
only 3*8 days. For a given radioelement, at the end of time T only 
rno/ of radioactive atoms will remain unchanged, at the end of 2T 
only 25%. after 3T 12-5%, after 4T 6;25% and at the end of 10T 
onlv about 01%. Hence the absolute life-period of a radioelement, 
though theoretically infinite, is finite, for practical purposes, depend- 
ine on the amount of radioactive substance concerned 9 nd on t o 
sensitiveness of measuring instruments, whereas the half-penod T 

does not depend on these factors.^ 

Avvlication of the law of probability to radioactive phenomenon. 
In the derivation of the exponential law given above it was assumed 
that dN, atoms disintegrate in time dt with certainty. In rea 1 y, 
however radioactive charges are subject to statistical fluctuations, 
and hence dN, is only the probable number of atoms that disinte- 

arate in time dt. An application of statistical laws shows that the 
exponential relation is the closest approach to the- actual state of 
£J£ and becomes more true as the number of atoms involved is 
greater. For, if w is the probability of an atom to disintegrate m a 
very short time a , then by the laws of probability, 

W oc A or = A . A 

where A is the characteristic constant of the radioelement. 
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(1 


iht; probability w ' of an atom not to disintegrate in timo a is 

A a ). 

Considering a finite time t = the probability w t of an 

atom not to disintegrate in time t is given by : 

V>A 


t — (1 — A a )* = (1 — A a = 


When a tends to zero, 
_ Lt. 

1 ~ \-*0 
1+' 1 1 



A A) 


-It 


w, = - •)(! — A A) 


' •A A ) "Xt 




11 


J. 


->./ 


9 t 


T 


* * * 


— e 


>7 


Since w t gives the ratio of the number of favourable cases dur- 

ing the time t to the number of possible cases, if N z is the number of 

atoms that have not disintegrated in time t and N„ the total number 
ol atoms involved, 

w t — / N 0 ...(2) 

trom (1) and (2), we get 

N, / N 0 = e or N, — N 0 e 

tion 2r*Z ar , riV f C at the . em P' rical exponential law, on the supposi- 
at a tends to zero, i.e., extremely small compared to / This 

“■> n terrns 0 *, the disintegrating atoms that smaller the value 
t . . ? com P^i'ed to the total number, or, otherwise said greater 

-pon^Kw.' ° f ** — -W-K 

ra(1i J,{ eanl J f€ ° f 0 radioele ™ ent (-)■ The statistical law governing 
radioactive decay states nothing about the decay of individual radio 8 

Sorter- , 

we do not knn Wh l* lerS rPHlain unchan Sed for a long time -/by 
teLates and Z’ > ■ fu™ moi P ent > wh y a particular atom disin 

"”"7 of *. n ohiofly the feet th.t it may haw remained .“t.K 

f J’SriT “ s !’ ,ve “ '!>«”"<* o„“iome b 

uisintiegration. bince, strict y sneaking arrorr1.*Ti<r 

Z c b m|le« dt 

atom m^v ‘° aCtlVIty ’- th ® P ossible time of existence of an 

same in this rosne^t™ rZ to . ,nb O fc y an d all radioelements are the 

here also a quantity know n ^s "th^ CaS ° ° f &,] statistical I irobIen >s, 
emploved to Hiff-prLf * ” t? , e nn or average life (t) may be 
actFveVwiff ?tiate radioelements. The mean life of a radio- 

rad oactiv^Z^ tjJ°t5“ e 4 ? , thC ratio of the total life-time of all the 

beta a S e es a Sed ° f SUCh at °* nS in ^ 11 ca " 

22 : 
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At any instant t f the number of radioactive atoms present is 
given by 


N / = N 0 . e' Xt *. Also — / dt = A N,. 

dN* = A . N / . dt, leaving out the negative sign which merely 
indicates that dN^ atoms disintegrate in the very short interval dt. 
The number of such atoms is itself a positive quantity. 

These dN, atoms have had a life-time between t and (£ + dt). 
Since, however, dt is very small, we may assume without serious error 
that all these atoms have lived for a time t . Hence the total life-timo 
of these dN, atoms is equal to t . dN,. 

Now, since the possible life of any of the total number N 0 
atoms varies from 0 to co , the total life-time of all the N 0 atoms is 
given by 


As the, mean life t 


t — X 

f t . dN, 

t = ° 

total life-time 
™ total no. of atoms 


CO 


f t. dN, 


Substituting for dN,, 


N 


o 


00 


I < . A • N, 


dt 


00 


m 

4 


-U 

t . A . N 0 e dt 




N, 


N 


0 


00 

= A j t . e Xt . dt 
0 

Integrating by parts, let t = u y so that dt = du and e‘**. d£ — dt% 
which gives ?; = —A ; then 




0 
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- A 


( — A( ) — ( — e~yt) 


00 


1 

A 


00 


] 


l 


W ft 

t“ to STt“ O.J« n ; ~y° ' ,e “■» » f »• Now since 

equal to‘l590/0-693 oono 16 mea ” IlPe op ra(lium 18 therefore 
.Jays. loy °/° 693 = 23 °<> years and of radon 3-8/0-693 = 5 5 


'librium E successive disintegration and radioactive equi* 

any two adjacent dlsintegratl0 »s of radioactive substances, 

the fomer beTnL thT 6 ? 3 b ° COnsidered parent and daughter, 
e g radium vCfil Wbldl by lt8 own deca y produces the latter 
parent with ’r^ect U r* “-P a ^ ticle a »<l produces radon, is the 
the parent of the f n n (iur - ° n ’ i 6 au gbter. Evidentlj- in a series 

precedTng element t element wiU be tbe daughter of the 

deals with the uuantitv of H W governin 8 successive disintegrations 

time .JJ »T nt “ -t 

daughter and the parent. ° ndltl0n of equilibrium between the 

elements. Cas^whTre^m ore°tha n 1 1 wo * T P * 6 ° a f e ^, f two rad ioactive 
in the branching process cln V ^e involved, as for instance, 
general way. P ’ Can be treated >n a similar, but more 

. The daughter, as it is being produced from . v.,. 
mg to an exponential law will a t the samCr- ^ P arent accorcl - 
an exponential law also Naturallv 8a ^® t,me ’. according to 

will depend on the decay constant of U formatl °n of the daughter 
its own decay constant 16 P aren i’> while its decay on 

t and A, its dec-av constant « k;i su,, stance at any instant 

at the same instant and A.’its tcay constant" 3 ^ 

We can then write the equations • 

rfN. ' ' 

- VJ, ,i. 


dt ... (ij 

considered^ 3868 U ‘ e CX P onential d ^ay of the parent at the instant 


dN. 


which gives the 


sr = A » N i - a*n, ... (2 

rate of net increase of the daughter at the same 
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moment. Since an atom of the daughter appears every time an 
atom of the parent disappears, the rate of formation of the daughter 
is while the rate of disappearance of the daughter is evidently 

A«N a . The difference AjN, — A 2 N 2 gives therefore the rate of increase 
of the daughter dN 2 /d£. 

The solution of equation (1) is 

= N, 0 — ( 3 ) 

The solution of equation (2) may be expressed as 

N 2 — Ae” x i* + Be" x * f ... (4) 

where A and B are constants. To determine these in a simple 
manner, let us assume that N 2 ° = 0, i.e., the initial amount of the 
daughter is zero. Putting in equation (4) N 2 = N 2 ° — 0, at t = 0, 
we get A — — B. 

N 2 = A (e'V - e~ x * f ) — (?) 

To get the value of A, differentiating eqn. (5) 



— Aj . A . e Xj * -j- A 2 . A . e x ** 


Applying initial conditions, i.e., the rate of change of daughter at 
t = 0, dT$ 2 °[dt = AjN^ = — A X A + A 2 A. 


A 


Ni 


A, 


A 2 - A, 

Substituting this value of A in equation (5) 


N 2 = N, 0 . — (e' x i‘ — e' x »‘) ... (6) 

A a A t 

If we cannot assume that N 2 ° = 0, the above equation becomes 
somewhat more complicated as 



For our study, we shall use only the simplified equation (6) which is 
true only when initially the parent alone is present, i»e., U 2 = 0. 
Let us now consider some important cases :— 


Case I. When, the parent varies appreciably with time . This 
case corresponds to A 2 1 * A 2 » i.e*,when the mean lives of the parent 
and daughter are of the same order of magnitude. In such a case it 
can be shown that the daughter substance first reaches a maximum 
and then decreases at the decay rate of the longer lived of the two, 
i.e,, either of the parent or of the daughter according to whether A 2 

is smaller or larger than A 2 . 

The time in which the daughter reaches a maximum may be 
readily obtained by differentiating eqn. (6) with respect to t and 
equating to zero. Thus 


dN* 

dt 



— A, e' x » tm °* + A, e _x * tfna * ) 
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Since A cannot be equal to zero, 

A 2 e - X * l mox — e ~*\t 


max 




or 




l °g* 


Aj) t 


max 


max 


l , a 2 

K -»,) ' l0? 's: 


... (7) 


i ^/^ er c (^max)> the daughter, will have a decay rate de¬ 
pendent on the relative values of A 1 and A 2 :_ 

^ 2 ’ ^ P are * n ^ h as a longer mean life than the 

daughter, the second term within the bracket of eqn. (6), viz., e~\t 

hrpnh^rf r ° aC ^ * Ze [° ^ aster than the first, so that N 2 will eventually 

case reduces to 1 ° d6Cay rat ® ° f the parent ' Equation (6) in this 


N 2 = N,° 

= N i • 


A-2 — Aj 

A! 


- \t 


9 9 


N« 

N, 




parent W f \ ubstan , ces ^ ^wsay eventually with the‘period of the 
called a trnne ^ ra s C 0n8 tant. This state of affairs is 

CQuilihrinm as distinguished from another type of 

equilibrium, which we shall study presently. 

that of th^ ^ 2s i’ e '’i he mean the daughter is greater than 

«J»tu.l“X™" , with e ST*'* Wi " be “ > ” 6 *”"• s ° ' hM N > 

own rate of decay as equa- Y 
tion (0) now reduces to lj 

N* = N,° . e"V i 

After a certain time the \ / \ 

parent substance practical- \ / \Ra& 

iy disappears and there V \ 

remains only the daughter A \ 

which breaks down at its f\ 

own rate. We have an \j s\ 

example of this case in the )1/d q j\ — 

decay of the active depo- 0^ N - zr— --X 

sits oi radium, viz. Mf 

RaA(A = 3-97 X lO' 3 ), Fig. 146. Decay curves of the active 
KaJ5 (A = 4-31 x 10“4\ deposits of radium, 

RaC (A = 5-86 x 10" 4 )! 

Ra(h these^Two .u," 8 ^ 1 , 11 of .* laA ia greater than those of RaB and 

the parent Ra4 h* * 618 ^ , eventua Py decay at their own rates, 

ving practically disappeared as seen from the 


RaC 


time j 

curves of the active 
deposits of radium. 
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decay curves in Fig. 146, where it is assumed that at the time zero 
only RaA is present. 


Case II. When the amount of the parent is practically constant . 
This case corresponds to A 2 > A,, t.e., When the mean life of the 
parent is enormously great. Eqn. (6) in such a case reduces to 



* # * 



since A 2 Aj is nearly equal to A 2 and e~* lt is nearly equal to unity, 
Aj being very small. 

After a time. t y long compared with 1 /A a , i.e., with the mean 
life of the daughter, a condition is reached when the second term 
within the bracket, viz. becomes negligible and consequently the 
the amount of the daughter present is practically constant, having 
the value N 2 = N x ° (A, / A 2 ), It is then that the daughter is said to 
be in secular or permanent equilibrium with the parent. Since the 
amount of parent is constant, N,° = N, and N* / Nj == ^ / A* 
™ ^ 2/^1 • The amounts of the two substances present are inversely 
proportional to their decay constants or directly proportional to 
their respective mean lives. Under these conditions the daughter 
breaks up as fast as it is formed. 

A typical example of secular equilibrium is found in the for¬ 
mation of radon from radium, since the mean life of Ra (2300 yrs.) 
is very great compared with that of 
Rn (5*5 days). The experimental 
decay and recovery curves of Rn 
are represented in Fig. 147. After 
a time, long compared with its 
mean life, Rn is in permanent 
equilibrium with Ra and its 
amount becomes constant, as in¬ 
dicated by the sum of the ordi¬ 
nates, which becomes constant 
beyond a certain value of time. 

When this equilibrium condition 
is reached, if we remove the 
whole amount of radon from 
radium, the separated radon will 
decay according to e“^ } where A 
is its decay constant. However, 
since the total existing amount 

must still be a constant, the amount present in radium must in¬ 
crease in the proportion of (1 — e'**). 

A similar state of affairs is reached among more than two sub¬ 
stances in a radioactive series, when the parent substance has a 
much longer mean life than any of the following substances. Thus, 
in uranium minerals (T = 4*5 x 10 9 years) all of its successive dis¬ 
integration products (Io, Ra, Rn, etc.) are found. Through the 


Y 
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geological ages, those elements have reached a state of secular equiii 

brium, i.e., each element is present in an amount proportional to it 
mean i;r ~ 


c 

o 


1 

Radioactive equilibrium can be had. therefore, only when Aj is 
smaller than A, i.e . when the mean life of the parent is greater than 
<ihat of the daughter. If the mean lives are of the same order of 
magnitude ^ A 2 transient equilibrium is attained represented by 

■ ^ 1/(^2 Aj). If the mean life of the parent is very great 

(AsJeAj) then equilibrium becomes * secular or permanent represented 
by N 2 /N 2 = Aj/a 2 or N 1 A 1 « N 2 A 2 . * 

, r m oment of the constants of radioactive 

DISINTEGRATION 

I k fbe three constants A, T and t of a radioelement are inter¬ 

related, if one of them is experimentally measured, the other two 
V 111 ^readily deduced. Usually it is the decay constant X that is 
etermined by experiment. Different methods arc used according as 
the period is long or short. The methods indicated below apply, in 
general, to both a- and (i-decay, but some to <x-decay a lobe. 

1 4; E j ernei »ts of short period (lienee high value of A) may be 

subdivided into the following categories :_ . .. 

(t) moderately short (i.e., hours, days and months). The decay 
curve is drawn from experimental data of measured intensity with 

ime. If the logarithm of intensity is plotted against time, a straight 
line graph is obtained representing 

log N, = log N 0 — \t 

Putting log N ( = y, and log N 0 = a (constant) 

y ~ a — Xt 

dy 


dt 


= — k 


Hence the slope of the straight line graph gives the value of A. 

fnl 1 n ^1 S ^ 0r ^ t 1 * 6 -* a ^ ew minutes). The above procedure is 
acpnpa 1 h the method of least squares must be applied to obtain 

accuracy of results. 

intr extremely short, chiefly for a-emitters. A relation connect- 

flo£T A_ quantity known las the range of a-particles 

It ’ , 1 °£R ), established by Geiger andNuttal from experi- 

Pcriod nfTi r* n L u- r d * . U is 0nI y an approximate method. The 

been fmiml / k em it s a-particles of range R = 8-6 eras, has 

oun found to be lCPn sec> hy thig method 

B. Elements of long period (hence small A) : — 

auantitl jffHi* C0U7t }^ n ^ th? a -particles emitted per second by a known 

one a naif' su, ^ ance ' Since each disintegrating atom emits only 

the niinil* 1( V ^ lC num ^ jer of a-particles counted must be equal to 
tiu number of atoms disintegrating. 
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From the general relation, 


dt 



or A = 


d N 
dt 



The disintegration constant A is therefore equal to the ratio of the atoms 
disintegrating per unit time to the total number of atoms present* 

For thorium, Geiger and Rutherford found by the method of 
scintillations that it emits 4,500 a-particles per second per gram* 
Now 1 gm. of thorium contains 2*61 x 10 21 atoms. 




* 


A = 

T = 


4500 

2-61 x 10 21 


= 1*72 x 10" 18 see" 1 


log,2 
A 


— 5*44 x 10 11 years" 1 


0*693 

5*44 x 10" 11 


= 1*28 x 10 10 yrs. 


(ii) By determining the quantities of substances in equilibrium . 
Conditions of parmanent equilibrium show that N x A x = N 2 A 2 . If 
N lf Aj and N 2 are known, A 2 can be calculated. Thus the period of 
uranium was determined from the known period of radium. 

Note :—Since the exponential law, whore A is considered a 
constant, is an approximate law, which becomes more and more 
accurate as the total number of atoms is greater and greater, the 
value of A measured by experiment, where the total number of 
atoms used is ordinarily limited, will not be rigorously constant. 
The aim of the experimenter is to measure, as accurately as possible, 
the mean value about which A fluctuates least* 


RADIOACTIVE TIME SCALES 

Radioactivity has been utilised to estimate the age of the 
universe and the age of rocks (z.e,, the time that has elapsed since 
the rocks crystallised from the molten state) in the following ways : — 

(1) The present abundance ratio of the two isotopes of uranium 
U ,8S and U 23 ® is 1/140. The half-period of U 235 , according to the 
best estimate is 7*07 x 10® years. Assuming that at the beginning 
the proportions of the two isotopes were equal, the above data lead 
to such an equality 5 x 10® years ago, t.e., 5,000 million years. 
This value agrees nearly with that given by astronomical evidence 
for the age of the universe, 

(2) The age of rocks can be determined by comparing the 
amounts of the several lead isotopes found in a sample of a radio¬ 
active mineral occurring in rocks with the abundance of these 
isotopes in deposits of primordial lead found in rocks and especially 
in meteorites which do not contain appreciable quantities of radio¬ 
active minerals. The four isotopes in primordial lead of masses 204, 
206, 207 and 208 have the abundance ratios 2, IS*8, 20*7 and 58*5 
per cent respectively. Since the last three isotopes are the stable end 
products of the three natural radioactive series—Pb 20fl from U***, 
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Pb 207 from Ac 235 and Pb 208 from Th 232 — it is to be expected that their 
proportion found in the radioactive rocks will exceed those occurring 
in primordial lead. This is actually found to be case and the observ¬ 
ed excess together with the knowledge of the amount of the first 
member of the radioactive series still present in the sample, permits 
the age of the rock to be estimated. For example, the mineral 
samarskite contains U 238 , U 235 and Th 232 and their end products are 
Pb 20fi , Pb 207 and Pb 208 respectively. These isotopes are present in the 
mineral in greater proportions relative to Pb 201 than in primordial 
lead. Measuring the amounts of these lead isotopes and of the first 
members of the corresponding series present in the sample and using 
the known half-periods of the first members, the age of the rock can 
be evaluated. It is Pound to be : — 


260 million years from U 238 -> Pb 206 
250 million years from U 235 —> Pb' 207 

4/ 

270 million years from Th' 232 —► Pb 208 

Thus, the age of the rock, in which samarskite occurs, is in the 

whereabout of 260 million years, as indicated by these “radioactive 
clocks”. 


DETAILED STUDY OF THE THREE TYPES OF 

RADIOACTIVE RADIATIONS 

Initial researches had shown, as we have seen, that the three 
types of radioactive radiations a, (3 and y could be distinguished by 
their different penetrating powers and their different reactions to the 
application of strong electric aud magnetic fields Hence a separa¬ 
tion of those rays can be achieved. In practice they can be separa¬ 
ted to a certain extent by means of suitable absorbers, but, by this 
means, only the y-rays can be obtained quite free from admixture 
with the others. A complete separation is made by the application 
of a strong magnetic field "which deviates the positively charged 
a-particles to one side and the negatively charged [3-particles to the 
opposite side, while the y-rays pass on undeviated. We shall now 
consider some of the important detailed researches carried out to 
study the nature and properties of the three radiations separately, 

THE ALPHA RAYS 

The fact that a-rays can be deflected by a magnetic field 
s owe that they consist of moving charged particles and the direc¬ 
tion of deflection proves them to be positively charged. Further, the 
a-rays produce fluorescence in certain substances. If the fluorescence 
is examined with a low-power microscope, it is found to consist of a 
senes of scintillations which are produced by the impacts of the 
a-rays on the fluorescent screen. Such scintillations give visual 
evidence that a-rays consist of discrete particles . We have, therefore, 
in the first place, to identify these discrete positively charged parti¬ 
cles that constitute the a-rays, t.e., to find out what they are. 
The determination of the ratio of the charge E to the mass M of 
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thec'O particles as well as the charge E 

was ohe first step taken in solving this 
the a-particles. rj 


carried by each one of them 
problem of identification of 


4] . ^teraun^tion oi E/M of the o-partides The principle of 

u ! n ~ ’ ir,, t used by Rutherford in 1903, is the same as that 

employed by d. J I horn son lathe measurement of ejm of cathode 

V * i <-i aparticles is subjected to magnetic and electric 

, kuS ana from the deflections produced the value of E/M can be 

calculated. ' 



s P oce -e tween the poles of a powerful electromagnet producing 
i er w * strong magnetic field perpendicular to the plane of the paper 

(Fig. 148 a). The field can be 
reversed when required. Under 
tire influence of this field the 
a-particles with velocity v move 
in a circular path and fall on the 
photographic plate at C, when 
the field is applied in one direc¬ 
tion and at C 2 when the field is 
reversed. The radius r of the 
circular path can be readily 
calculated since the path is de¬ 
fined by the three points ABC 2 
or ABC 2 . Using the equation of 
motion of the a-particle in the 
magnetic field, viz , 

HEv = M?> 2 /r, Hr =- (M/E) t\ 

Here H and r are known. Hence to get the value of E/M, v is to be 
determined. 



Fig, 148. Rutherford's apparatus for 
measuring E/M of a-particle. 


For this purpose a similar experiment is to be carried out with 
an electric field, as in Fig. 148 b. B and C are tw r o parallel metallic 
plates, 35 eras, long and 4 rums, apart arranged immediately above 
the source of a-particles. A strong electric field of the order of 
20,000 volts /cm. is maintained between these plates. The a-particles, 
in passing through this field, are deflected at right angles to their 
path, and by reversing the field, two traces Dj and D 2 are obtained 
oji the photographic plate. From the geometry of the apparatus 
and the distance between the traces it is possible to determine the 
deflection produced by the field and thus get a numerical value of 
(M/E)v 2 . By combining this with the result of the magnetic experi¬ 
ment both E/M and v are obtained, as in the case of the cathode 
rays. 






THE ALPHA RAYS * 

Rutherford found that for the a-particles from RaC the value 
SC " 4,820 e.tn.u, per gram. The value of E/M of the hydrogen 
is about double that obtaine(3 here, viz., 9650 e.tn.u. To deter- 
the mass M of the a-particle from the value of K M it is 
sary to measure the charge E carried by the a-parfcicle. This 
dso done by Rutherford in collaboration with Geiger as follows. 

Determination of the charge E of the a-particle. A known 
tity of RaC is deposited in a shallow dish R which is placed in a 
y evacuated vessel V {Fig. 149). The dish is covered with a 
thin aluminium foil to keep back recoil atoms. The a-particles 
passing through a window W oi known area and covered with 
thin aluminium foil fall upon the collecting pi te P connected 
i electrometer. The charge acquired by the plate P in a known 
is determined by observations on the electrometer. The whole 
ratus is maintained in a strong magnetic field, to bend away 
hpartides given off by the source preventing them from reaching 

collecting plate as well -->70 ELECTROMETER 


surface of the collecting 
plate by the impact of 
a-particles return back to 
the plate. 

To obtain the charge 
per particle, it is necessary 
to know the number of 
a-particles falling on the 
plate. This number was 
counted by Rutherford and 
Geiger by means of an 
ingenious device known as 
the Geiger a-particle court - 
ter, shown in Fig. 150. 

It consists of a metallic cylinder C along the axis of which is 
mounted a w ire W, well insulated from the cylinder by means of an 

ebonite plug P. The cy- 
f Under is evacuated to a 

_- I g “jp pressure of a few' eras, of 

In xir —^ " \aj T* 1 mercury. By means of a 

l- * *-r-* battery B a potential dif- 

I * - ference is established be- 

—— | \ .I F—• tween the wire and the 

^ ‘ * cylinder, just less than 

rrTff ^ the critical discharge po¬ 

tential. The wire is con¬ 
nected to an electrometer, 
as indicated in the figure, 
an a-particle enters the counter C, the ions produced by it increase 


149. Apparatus for measuring the 
charge K on the a-particle. 


Goiger counter arrangement for 
counting a-particles. 
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th _ r,if- f < U f C ‘^salion by collision and cause the lowering of 
the critical potential by an amount sufficient to allow the passage of 

me °, men T? ry current winch is registered by a “kick” in the electro- 

be firpfniN 6 8 r S p ™ ss ? re f nd the PD ' be t w een the electrodes must 
carefully adjusted for the proper functioning of the counter. 

^ quantit >’ of RaC is deposited on a plate R placed 

Y hl shly evacuated vessel V. The c:-particles from this source 
. a s in a] 1 circular hole S of known area covered by a thin 

d,m e ^ f f ID1Ca n h l Ch ’ though aliowing the passage of the a-particles 
c uc to its small stopping power, enables the vessel V to be evacuated 

Jnle the pressure in the counter is maintained at a.fewcms. of 
mercury (Fig 150). The counter records the passage of single 
a-particles as described above. Knowing the amount of radium on R 

•" . 10 so 1( angle subtended by S at R, the total number of a-parti- 

c cs ejected by one gram of radium per second can be calculated. From 

total number of particles emitted per second by the amount 
ot KaC used in the first part of the experiment can be computed. 

le o al charge acquired be the collector from these particles being 
a rcac 3 known, the charge carried by each a-particle can be readily 
calculated. The value of E thus determined was 9*3 x 10 ** 10 — 

approximately twice 4*77 x 10 10 , the charge carried^by the electron. 


The mass M of the a-particle is deduced from the experi¬ 
mentally found values of E/M and E. It turns out to be 6*64 x 10 ‘ 24 
gm,, a mass four times that of the hydrogen atom and hence 
equal to the mass of a helium atom. Thus the a-particle is found to 
have the mass of a helium atom and to carry two positive elemen¬ 
tary charges, which reveals the fact that the a-particle is to be identi¬ 
fied with a helium atom that has lost both its electrons, with the 
bare helium nucleus. 


This conclusion was further confirmed by Rutherford in the 
following manner. The a-particles emitted by a large quantity of 
radon enclosed in a thin-walled glass tube were allowed to penetrate 
into a highly evacuated discharge tube. After two days a spectro¬ 
scopic examination of the discharge tube showed that helium had 
appeared in it. The spectral lines of nelium became brighter with 
increasing time, indicating that more a-particles had penetrated into 
the discharge tube. 

Rutherford calculated also the amount of helium that would be 
evolved from a given amount of radium in a given time if a-particles 
were identified with helium- nuclei and found it to be in substantial 
agreement with the volume of helium emitted actually in laboratory 
experiments. 

The evidence is quite complete, therefore, that the a-particles 
are helium nuclei. 


Velocity of a-particles. The magnetic and electrostatic de¬ 
flection experiments give also the velocity of the a-particles from RaC 


THE ALPHA RAYS 


349 


as 2 x 10 9 cms./sec. and hence very high, nearly 1/15 of the velocity 
of light. The velocity of a-particles varies from 1*45 to 2*2 x 10‘ ft 
cms./sec. with different radioactive sources. It was first believed 
that all the a-particels from a given radioelement had the same 
velocity and hence the same energy except for slight variations due 
to “straggling” effect caused by impacts of the fast moving a-parti- 
cles with other atoms. But later, it was established from experi¬ 
mentally observed facts, such as the “long-range” a-particles and 
‘‘a-ray spectra*that the first surmise was not correct but that 
ai-particles evemfrom a single source had different velocities. This 
discovery led to very important conclusions about the internal struc¬ 
ture and state of the nucleus, as we shall see later. 

Note.-~Detection of single a-particles. We have described 

above the Geiger counter method of counting a-particles individually 
as they are emitted by a radioactive source. There are also other 
methods which have been used for the purpose : — 

(a) The scintillation method or spinthariscope , first devised by 

Crookes, which has proved to be a sensitive method of great value. 

W hen a screen is coated with ZnS crystals and exposed to a-rays 

it becomes luminous due to fluorescence effect produced by the 

rays. When viewed with a low-power microscope the luminosity is 

tound to consist of a number of scintillating points, which appear 

ike shooting stars. Each flash is due to the impact of a single 

a-particle upon a crystal. This offers a delicate means of counting 
individual a-particles. & 



ffi) TK ilson's cloud, chamber is another very powerful method o 
studying the individual particles. As a-particles pass throuch tin 
expansion chamber at the 6 

right moment, they ionise the 
gas along their paths and 
leave tricks which can be 
photographed, to be studied 
at leisure, as seen from the 
adjacent photo. Each track 
corresponds to the passage of 
a single a-particle. The use 
of the cloud chamber has 
furnished a number of very 
important data concerning 
not only the a-particles but 
also atomic nuclei. 

Range of a-particles. 

A fairly exact estimate of the 
velocity and energy of ' the 

of^Tquantitv wjt! d ® cayconstan t can be made with the helj 
quantity known as the -range" of a-particles. The idea of thi! 


CIoucl chamber photograph of 
a-particle tracks. 
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so-called range or path of a-particles was conceived due to a peculiar 
effect of the a-rays, viz,, when they are absorbed by matter the\ r are 

stopped abruptly after a 
certain critical distance, 
called the range. Beyond 
this distance the three 




properties of a-rays, viz., 
ionising power, photo¬ 
graphic action and fluo¬ 
rescence effect disappear 
simultaneously. This dis¬ 
covery was made in 1904 
by Bragg and Kleeman 
as follows. A small 
quantity of radioactive 
substance is placed at A 
at the bottom of a lead 


. r „ box (Fie. 151). The a- 

Tig, lul. Apparatus for measuring ' 6 [ , 

the range of a-particles. rays emerge through a 

small opening B and 
form a narrow conical pencil which enters a shallow ionisation 
chamber consisting oi a metallic gauze C and a plate D. parallel and 
close to each other, maintained at a constant potential difference by 
a battery. The upper plate D is connected to an electrometer as 
shown in the figure. The distance of the ionisation chamber from 
the source A can be varied. The ionisation produced by the a-rays 
at any given distance from the source is measured by means of the 
electrometer. The range of the a-rays in air, i.e. t the distance travel¬ 
led before the ionising power ceases, is found by varying the distance 
of the ionisation chamber from the source until the rate of leak oi 
charge as indicated by the electrometer becomes independent of the 
presence of the radioactive material. 

With a homogeneous source of a ~rays y such as RaC , if the rate 
of deflection of the electrometer needle, which is a measure oi the 


ionisation, is plotted against 
the distance of the chamber 
from the source, a curve of the 
type shown in Fig. 152' is ob¬ 
tained. The ionisation is at. 
first independent of the dis¬ 
tance for small distances. At 
greater distances it increases 
to a sharp maximum and then 
abruptly drops to zero, with a 
small bend before the zero line 
is reached. This tail end is due 



to. the Straggling effect of p. ]52 . Bragg curve for the range 

a-rays, caused by random of a-particlea. 

collisions of a-particles with . . , .. • 

atoms. The range is ordinarily obtained by the point of intersectio 


V 
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of the almost straight falling 
It is expressed usually as s 
and 15°C. The curve indh 
lust their power to ionise, 
fluorescence. Every a-partic 
travels rougldy the same distance before 
a-particles from a given radioelezncnt have 
range. Rutherford found bv the mothnrl nf 


portion of the curve with the X-axis. 
' many cms. in air at 76 cms. pressure 
itos the point at which the oc-partici.es 
affect photographic plates or produce 
3 emitted by a given radioactive source 

1 it disappears. Hence the 

^ ~ — . j all practically the same 

Kutherford found by the method of magnetic deflection that 
^disappearance takes place when the velocity of the a-particles 

.. 3 w x cms./sec. Hence a-rays with velocity less 

tnan this will be undetectable except for their charge, and thus many 

unsu^pectecl 0 *^ ern ittlng a-rays, whose radioactivity is at present 

hrin heterogeneous source of a particles such as radium in equili- 

ihat K/% 1 * s _P ro( } ,,c ^ s Hn, Ha A and RaC is used, a curve similar to 

that >hown m Fig. 153 is obtain¬ 
ed On closer analysis it is seen Y 
to be composed of four curves, 
each of which is -similar in 
shape to the previous one. This S \ 
indicates that there are four ^ l 


D/S TANCE " — 

Fig. 153. 

they cause ionisation by knock¬ 
ing electrons out of the atoms ly¬ 
ing along their path. The a parti- 
cles thus leave a trail of positive 
and negative ions. In this more 
common process of ionisation of 
atoms the a-particles lose energy 
continuously and their velocity 
is correspondingly diminished. 
Finally their speed reaches a 
certain critical value, below 
which they are unable to knock 
electrons out of atoms, t.e., they 
lose their power to ionise. The 
ionising power of a-particles 
does not increase as their velo¬ 
city increases : on the contrary 


-particle track s i„ a cloud chamber 
containing oxygen. 






352 


THE BEGINNINGS OF ATOMIC PHYSICS 


cal velocity and then drops suddenly to zero. 

The mass of the a-particles being very great as compared with 
that of the electrons, the a-particles knock electrons out of their 
way without being deviated to any great extent. On rare occasions, 
however, a collision with the relatively small but heavy nucleus of 
the atom takes place in which case the a-particle suffers a large 
deviation, sometimes even greater than 90°. This phenomenon has 
thrown great light on the internal structure of the atom as we shall 
see. These events can be readily observed in cloud chamber photo¬ 
graphs of particles, as seen from the photo on p. 351 taken when 
a-particles passed through a cloud chamber containing oxygen. The 
abrupt bends which occur at the ends of the tracks are caused by 
the “straggling” effect. The forked tracks) represent a close collision 
between an a-particle and an oxygen nucleus, resulting in a single 
large angle scattering. 

By measuring the amount of ionisation over the whole range, 
i.e.y by integrating the ionisation curve (Fig. 152) it can be shown 
that the total number of ion-pairs produced in air at 76 cms. pressure 
and 15°C by the absorption of a single a-particle from, say RaC, 
whose range is 7 cms., is 2*2 x 10 5 . The specific ionisation which is 
defined as the number of ion-pairs produced by the a-particle per 
unit path (1 cm. or 1 mm.) can be readily calculated from the value 
of the total ionisation given above. 


The stopping power. If thin sheets of absorbing material 
are interposed in the path of the a-particles, the range of 

the a-particles is reduced. This is because 
the a-particles in passing through the 
material knock out electrons from the 
atoms in the material and so lose 
energy. The stopping power of any 
material is defined as the equivalent 
cms. of air path by which the normal 
range has been reduced. It depends 
upon the initial velocity of the a- 
particle and the thickness, atomic 
weight and density of the absorbing 
material. Bragg and Kleeman found, 
as a result of their researches, that 
the stopping power is proportional to 
the square root of the atomic weight o 
the absorber. 



Fig. 154. Geiger and Nuttall 
method of measuring the 
range of a-particles. 


Geiger and Nuttall precision 
method of measuring the ranges 
of a-particles. Geiger and Nuttall, refining the simple method, 
first devised by Bragg, were able to measure the range 
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even weak sources to a great degree of accuracy 
a-particles, fixed to the end of a metal rod, is pk 
a spherical glass bulb B 
which is silvered on the in¬ 
side (Fig. 154). A high P.D. Y 

is maintained between the 
bulb and the metallic holder 
of the source. The bulb is j 

connected to a vacuum pump £ 
and exhausted so that the / 

pressure of air inside the *3 / 

bulb may be maintained at .g f 

any desired value. With ■ / 

this arrangement the satura- f 

tion current of ionisation / 

produced by the a-particles / 


in the air inside the bulb 1/ I y 

at different pressures can be »0 0vl aScp u^ 

measured. If the experi¬ 
mental data are plotted a Fig- 155. 

curve of the typo shown in * 

Fig. 155 is obtained. Starting with low pressures,’ the current increa¬ 
ses linearly with increasing gas pressure until a point is reached 

w e . re a J the particles are absorbed and maximum ionisation is 
produced. Further increase of pressure is without effect on the 
current. The a-particles just reach the silvered walls of the bulb at 
tne sharp point of maximum ionisation, so that the radius of the 
mgxms their ran g e ^ particular gas pressure corresponding to 
i point. The range at atmospheric pressure can then be readily 

rmJtLm? *yl n ? e ]ran 8 e in the gas is inversely proportional to the 

obtain^ K S1I ^S^ different sources of a-rays at A, similar curves are 
mm b “!L wlth the turning points at different gas pressures from 

Th !u l J^ ent range9 at atmospheric pressure can be obtained. 
*01 mm 6 ° 18 ca F ab ^ measuring ranges to an accuracy of 

m 

3 imnl^hiit^y. an ^l. Ve ? oc ? ty 8 (Geiger’s law). Geiger found a very 
itTfiS, ^ P ° rtant re,a . tl0n between the range of an cc-particle and 
cube nf ei ? ,sslon > v * z ’’ that the range R is proportional to the 

relation S tnh°M ty *’ " R = at,S > where « * a constant. The same 
inv from an h u lds u g ° 0d between the velocity of the a-particle emerg- 
u m an absorber and the residual range. Geiger derived this 
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from any other radioactive substance can be found if their range is 
known, using Geiger’s law. 

Range-energy relation. Since the energy E of a particle is 
directly proportional to the square of its velocity v , Geiger’s law ex¬ 
pressed in terms of the energy will be 

R *= b E 3/2 , where b is a constant. 

Since Geiger s law does not apply exactly for all ranges of velocities, 
it is not possible to have a simple universal relation between range 
and energy. All the same, on account of the importance of such a 
relation, as it offers a ready method of estimating energies from 
ranges, energy-range curves for a-particles within the limited range of 
1 to 10 cms. have been drawn with experimentally measured values. 
Similar curves have been drawn in the case of protons also. Their 
specific ionisation is roughly one-fourth that of the a-particles of the 
same velocity, as the ionisation depends on the square of the electric 
charge. A knowledge of the energy-range relation for the protons is 
particularly important for the study of artificial disintegration. 

Geiger-Nuttall relation. The range R of the a-particle and 
the disintegration constant A of the rodioelement that emits it are 
connected by a simple relation, known as the Geiger-Nuttall relation, 
since Geiger and Nut tall were the first in 1911 to discover it empiri¬ 
cally. It is usually expressed as 

log A == A + B log R. 

If the logarithms of the disintegration constants A are plotted against 
the logarithms of the ranges R for the different a-emitters in the 

three series, three nearly 
parallel], straight lines are 
obtained, one for each 
series, as shown in 
Fig. 156. Although the - 
points for each series lie 
only approximately on a 
straight line, they can be 
represented by an equation 
of the type 

log A — A -r B log R, 
the constant B being the 
same, while A different, for 
the three series. 

According to this 
relation, the greater the- 
disintegration constant, the 
greater also is the range of 
the a-particles. Further, since the range depends upon the energy, 
it follow8 that radioelements that have large decay constants or 
small periods emit high energy a-particles. 


Y 



Fig. 156. Geiger-Nutt-all relation. 
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This emperical rule has been extremely helpful in determining 
roughly the decay constants of radioactive substances of very short 
or very long lives. Experimentally measuring the ranges of ct-par- 
ticles of such radio elements, the respective decay constants can be 
readily obtained by extrapolation from the curves representing the 
Geigcr-Nuttall relation. 

Gurney, Condon and Gamow, in 1928, were able to justify the 
Geiger-Nuttall empirical relation on the basis of the modern concept 
of Wave Mechanics. 


THE BETA-HAYS 

The P-rays are easily identified with negatively charged particles in 
motion, since they are deflected by a magnetic field in a direction pro¬ 
per to negatively charged 
particles. That the p-rays 0 

carry a negative charge has f — _ t 

also been directly demons- 

raent8. Thus, for instance, 

the Curies allowed the rays yVyvvcr k va k v. tv\hi ii vy\\\vr/T\ 
from a radium salt R to j sSSsJnSSaSa^ W 

fall on a thin metallic plate I f 

P embedded in a layer of * ' f 1 ■' 

non-conducting material C, 1 I 1 

such as paraffin, which pre- IbBbBsbS BSSBBm j 

vented radiations from the 1 i R | 

source other than p-rays ' 1 

from reaching the plate 

(Fig* 167). The plate was Fig * 157 * Curies% apparatus for demon- 
further protected from ex- “^ed'by 


temal disturbing effects by — oy *ne ,-rays. 

f : * lea ' tll ; - D and by a high vacuum. An electro- 
“*;“™ n “ cted t0 the collecting plate showed that negative charge 
are muoh® A progress,vely on the plate. The fact that the p-rays 
thaM,hr ft -! f V,ated *5 a “? a g netic field than the «-rays indicates 

££? K "ET t0 be,16Ve tkat ^ rays consist °f hi 9 h *P eed 'tec- 

irons, like the cathode ray particles. 

Bmartfi final ; and faucial test of establishing that the 

plications o 6 . same e /™ value as the electrons is applied, corn- 
electrons render the identification of P-particles with 

difficult. For, it is found that the velocity of the 

varying from ' mo ** same or( ^ er as the velocity of light, 

tSvt S ^" ft 8 °f the value of the latter, and that 

of the cathndn rfl e P"P a rticles is not constant as with the electrons 
difficulty hnwA k Ut ^^ minis ^ es as ^he velocity increases. This 
tain consflaiiftnfvJ er V +if 8 ^ een surm °unted by considerations of cer- 

trons and efmftniffii° ^® 1 e ectroma S net io theory of fast moving elec- 

especially of the more generalised theory of relativity. We 
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shall now see how all this has been done, how the ejm value of 
the (3-particles has been experimental^ determined, how the varia¬ 
tion of ejm with velocity has been observed and how such a variation 
has been satisfactorily accounted for, so that the identity of (3-parti- 
cles with electrons is completely established. 

Determination of e/m of the S -particles. The measure¬ 
ment of this quantity for (3-rays of different speeds has been made by 
many experimenters. But we shall consider here only the experiments 
of four of them, viz. Becquerel, Kaufmann, Bucherer and Guye and 
Lavanchy, which illustrate well how a knotty problem is worked out 
step by step by a series of more and more refined technique until A 
final decisive conclusion is reached. 

BECQUEPEL’S EXPERIMENT 

The p-rays emitted by a small quantity of radium placed in a 
cavity in a lead block R (Fig. 158), after having been canalised by 

means of a slit, were subjected 
to a suitable magnetic field act¬ 
ing perpendicular to the plane 
of the figure, thereby making 
them traverse approximately 
semi-circular paths and were 
finally allowed to fall upon a 
photographic plate PP. The 

Fig. 158. Becquerel's apparatus for trac « obtained on the plate, in- 

measuring elm of (3-particles. stead of being sharp, was a 

broad diffuse band. When the 

sensitive part of the plate was covered by thin sheets of different 

absorbing materials, such as paper, glass and metal foils, the trace 
became narrower, its distance from the source R increasing as the 
absorbing power of the sheets became greater. 

Becquerel interpreted these experimental facts as follows On 

tho assumption that all the (3-particles have the same mass and 
charge, the broadening of the trace must be due to the fact that the 
beam consists of particles moving with different velocities, the slower 
among them being much more deflected than the faster and hence 
tracing smaller semi-circles, as seen from the relation r = wt/He, so 
that a whole band is covered by the particles. When the rays are 
made to pass through different absorbers before striking the plate, a 
certain number of the (3-particles of lower velocities are suppressed 
depending on the nature of the absorber so that the position of the 
trace will change accordingly. If the absorbing power of the sheet 
interposed in the path of the (3-rays is greater, the |3-particles that 
emerge from the absorber will have correspondingly higher velocities 
and strike the plate at a greater distance from the source. Thus 
Becquerel was able to establish that $-rays consisted of a mixture of 
particles with different velocities. Oil account of the too simple an 
imperfect nature of the apparatus, he could make only a rough esti¬ 
mate of the ejm value, but he was able to show that the value obtain - 
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ed with the p •rays was of the same, order of magnitude as with the 
cathode rays . 

KAUFMANN’S EXPERIMENT 


Kaufman n in 1901 was the first to establish definitely the 
variation of ejm with the velocity v for the p-particles, using a 
method similar to J. J. Thomson ! s 


parabola method of positive ray 
analysis, i.e., subjecting the p ? rays 
to the simultaneous action of electric 
and magnetic fields acting in the 
same direction. 

His apparatus is shown sche¬ 
matically in Fig. 159. In a highly 
evacuated vessel, a particle of radium 
bromide was placed in a small de¬ 
pression R in a thick metal plate. 
The rays emitted by the source 
passed first between two parallel 
metal plates A and B and then 
through a small hole C in a thick 
metal sheet on to a photographic 
plate PP. An electrostatic field was 



ro pump 


159. Kaufmann’s appara 
tus for measuring e/m of 
part idea. 


established between A and B by maintaining them at a high P.D. 
of several thousand volts. The whole apparatus was placed in a 
uniform magnetic field, the direction of which was parallel to the 
electric field. The other radiations emitted by the source along with 
the p-rays will in no way disturb the study of the effect of the fields 
on the p-particles, since the y-rays are undeflected by the fields while 
the deflection produced on the a-rays is negligibly small for the fields 
employed. These rays will always strike the photographic plate at 
the undeflected spot O. 


The effect of the electric field on the p-particles is to deflect 
them towards the positive plate, causing them to traverse a para¬ 
bolic path, while under its influence. The path after leaving the 
field becomes rectilinear. The effect of the magnetic field is to 
deflect the p-partides along circular paths in a plane perpendicular 
to the field, hence perpendicular also to the deflection produced by 
the electrostatic field. The electrostatic deflection is proportional 
tol jmv 2 , while the magnetic deflection to 1/mu These two deflections 
being at right angles to each other when the two fields are applied 
simultaneously, if the velocity v of the p-particles varies continuous- 
ly* a parabolic trace will be obtained on the photographic plate, each 
point on it corresponding to p-particles of a certain velocity. By 
measuring the coordinates of any point on the trace the correspond¬ 
ing values of v and e/m can be calculated exa ctly in the same way as 
in Thomson’s determination of e/M for positive rays. 
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In the actual experiment, in order to make accurate measure¬ 
ment, the electric field or magnetic field was reversed, when a second 
parabolic trace which was the exact 


image of the previous one was obtained as 
shown in Fig. 160 by the continuous 
lines. These parabolic traces actually 
obtained were, however, found not to 
coincide with the parabolic curves, shown 
by dotted lines in the figure, that would 
be expected on the assumption that e/m 
was the same for all velocities. This dis¬ 
crepancy between theoretical prediction 
and actual result could be interpreted 
only on the basis that e/m was not con¬ 
stant in the case of p-particles moving 
with velocities of the same order as that 
of light (the velocities measured in the ex¬ 



periment varying from 2*36 to 2*83 x !0 10 Fig. ICO. 

cms./sec.), but diminished as v increas- 

e< I* If It could by assumed that e the charge on the (3-particle 
was independent of its velocity, the observed result must be regard¬ 
ed as indicating that the mass m of the p-particle increased with 
the velocity v. 


This fact had already been predicted by Lorentz from the 
following 'considerations. J. J. Thomson treating the electron as a 
uniformly charged sphere of radius a moving with a uniform velocity 
v along a straight line, had shown, as we have already seen, that 
the mass of the electron was entirely due to its charge e, and obtained 
the expression 2e-/3a for this electromagnetic mass, on the basis of the 
classical electromagnetic theory, in which the charge is regarded as 
throwing out tubes of force into space, the tubes having energy as¬ 
sociated with them ( cf . p. 52.) The derivation of the electromagnetic 
mass: is valid only on condition that the velocity v of the electron is 
small compared with the velocity c of light. Heaviside pointed out 
that as the velocity v became great, the tubes of force representing 
the charge crowded together tending to set themselves at right angles 
to the line of motion. Lorentz showed that, in effect, a contraction 
of length took place in the direction of motion which resulted in the 
mass m 0 of a charged particlo at rest being increased to 


tn 0 / (I — t^/c 2 ) 1 / 2 . 

The electromagnetic mass of the electron should thus increase 
with its velocity, but the increase becomes appreciable only when v 
is large, of the same order as the velocity of light. Einstein, finally, 
showed from his theory of relativity that all moving mass t whatever 
its nature , i.e., not only electromagnetic as in the case of the electron, 
but also gravitational, varied with its velocity according to the 
relation : 
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which is the same as Lorentz’s formula. For ordinary values of 
velocity, when v is small compared with c, m becomes equal to 
since u 2 /c 2 is negligibly small. 

Now, since the p particles in Kaufmann’s experiment have velo¬ 
cities comparable with that of light, their mass will vary with their 
velocity, so that their ejm values will decrease with increase of 
velocity according, to the relation : 

e e / v* y/a 

m ~~ m 0 \ c 2 ) 

The value of ejm for the cathode ray particles is constant, be¬ 
cause their velocities are small compared with that of light. But if the 
decrease in the value of ejm with the increase in v can be shown to be 
in accordance with the above relation, then naturally the identity of 
the p-particle with the electron is established. Kaufmann, with the 
experimental values of ejm corresponding to the different values of 
v, calculated the value of e/m 0 using the above relation/and found it 
to be constant for all values of v and equal to that obtained with the 
slow cathode rays. Kaufmann’s results, however, were not accurate 
enough to prove beyond doubt the exact law of the change of mass 
with velocity. Bucherer, in 1909, employing a more refined techni¬ 
que was able to prove this point and thereby establish definitely that 
^•particles were identical with electrons. 

BUCHER ER*S EXPERIMENT 


principle of the method is similar to that of the Bainbridge 
velocity selector mass spectrograph. The p-particles are first of all 
sorted out according to their velocity by means of suitably adjusted 
electric and magnetic fields and are then subjected to the magnetic 
e alone, where they are deflected along the arcs of different circles 
according to their different velocities and are finally received on a 
photographic film. From the trace obtained on the film )the ejm 
va ues for particles of different velocities can be exactly estimated. 



p-particles, a small grain of radium fi 
centre of two parallel discs A and B, 
8 cms. in diameter and 0-25 mm. apart. 
I he discs are surrounded by coaxial 
cylindrical photographic film FF. This 
arrangement is inside a vacuum cham- 
er C. An electric field is maintained 

A an d B by establishing a high 
.D. between them. The whole appara¬ 
tus is placed in a uniform magnetic field 


Fig. 161. Bucherer’s appa 
ratus for measuring e/m 
of |3-p articles. 
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the other due to the magnetic field. Since the discs are very near to¬ 
gether, the p-partic’es cannot escape from between the discs and strike 
the photographic f .im unless the force on them due to the electric field 
is equal and opposite to that due to the magnetic field. Further, the 
particles, being emitted along all the radii of the discs, can emerge at 
different angles to the magnetic lines of force, particles with different 
velocities moving out along different radii. 


Considering a particle with velocity v moving along a radius at 
an angle 6 to the direction of the magnetic field, the condition for it 
to escape is Xe = Hev sin 0 , 


or 


X 

H sin 6 





where Xe is the force due to the electric field acting in one direction 

- TT O 

and Idev sin 0 the force due to the magnetic field acting in the oppo¬ 
site direction. 

Hence, only particles with the velocity v given by the above 
relation will emerge along the direction Q. If any particle with velo¬ 
city other than v starts in the direction 6 it will be deflected either 
up or down to the discs and will not get out of them. 

If the p-particles, leaving the discs and moving along the 
direction 0 , are not affected by any field they will strike the film at a 
point O along the line of emergence from the region of the discs. 
But as they are actually subjected to a magnetic field H they tra¬ 
verse a circular path and strike the film at another point P. The 
deflection OP caused by the magnetic field is calculated as follows :— 


The force due to the magnetic field on the particles being 
Hey sin 0, the acceleration a acquired by them in the field is 
Hey sin 0/m. The particles are subjected to the magnetic field for a 
"time t = ajVy where a is the distance from the edge of the discs to the 
film, given by the difference between the radius of the film and that 
of the discs. 


The magnetic deflection OP = l l% cd 2 

_ 1 Hey sin $ a 2 

2 m a 2 

_ 1 a He sin 0 __ / e \ a 2 H sin 0 

2 a mv \ m ) 2v 

.e __ OP . 2v 
m ~~ a 2 H sin 0 


9 * • 



For any given value of 0, a is obtained from equation (1) by 
using the values of X and H which are experimentally measured ; and 
from equation (2), using the values of OP and a which are readily 
measured, ejm can be calculated for the [3-particles of velocity a. 
Since in the (3-rays emitted by the source there are particles of differ¬ 
ent velocities, the p-particles emerging from between the discs will be 
sorted out according to their velocity and move along different direc¬ 
tions, Satisfying equation (1). These differentiated groups are then 
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If v = c, we get sin B = */ 2 , so that 6 = «5U 
the theory of relativity since v cannot be £ 
that no 3-rays can reach the film unless 
at angles with the magnetic field ying 
Bucherer found this was precisely the case. 

By reversing X and H, the (3-rays 
symmetrical traces on the film so that wher 
the curve obtained is as shown in 
Fig. 162. Each pair of points like 
P and P' on the curve gives the 
value of c/m for a given value of v. 

In this way Bucherer determined 
accurately the values of ejm for 
several different values of v . Using 
next the relation 


he calculated the value of e/m from each of the corresponding values 
of v and c/m. The value of c/m 0 was found to be a constant for all 
values of v and equal to that obtained with the slow cathode rays 
within the limits of experimental error. It was thus definitely 
established that the ^-particles were identical with the electrons. 

Measurement by this method have been made using p-particles 
with velocities up to 0*98 that of light. Zahn and Spees, in 1938, 
making a detailed analysis of Bucherer’s method, have questioned 
its accuracy for values of v greater than 0*7c. 


EXPERIMENT OF GUYE AND LAVANCHY 


The most precise confirmation of the equation m = mj \/1 —v 2 jc? 
was obtained in 1915 b} T Guye andlLavanchy in their method of 



Pig. 103. Apparatus of Guye and Lavanchy. 


“identical paths”, which is illustrated in Fig, 163. A cathode-anode 
system C-A is arranged in a vacuum tube and operated at several 
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£ n, V r • *, cathod ? rays are collimated into a fine beam 

arranged m the path of the electron beam, the former by applying 

electromagnet. M indie, ted by the dotted circle. 5 g 

The l h l e lt Ctr °’; 1 l' 1 an \ is , ^ccossively deflected by the two fields. 

electron° f H ‘- heds are 80 adjusted that, the path of the 
reterl > <er ^estigatioii coincides with the path followed by a 

are the str-^i of , law s l ,eed . olectrons. Supposing that X' and H' 

t u. m ‘ iig iso the electric and magnetic fields required to cause 

„ h w,?o 6 e eo f tn c and magnetic deflections of fast electrons (velocity 

\ ? W eie , c f r0as ( v °l°city v) under the field strengths 

ana ±1, it can be readily shown that 

X ' H end » „ H ' !X 


V 


H'X 


m 


o 


X'H 2 


[m 0 the mass of electron in the reference beam of low-speed electrons 
c n m at of an electron in the beam of fast electrons under study]. 

The experiment is conducted as follows : — With a small 
accelerating voltage \ 7 , electrons are deflected first by the electric 
Held A. to the position P, and then by reversing the field to P'. The 
magnetic field H is next adjusted to produce indentical deflections. 
1 ms precedure is repeated with increasing values of V, X' and H\ 
c osen to produce the same deflections of the electron beam as 
previously obtained. From the data thus recorded, the mass and 

in the different beams studied can be esti¬ 
mated in terms of the mass and velocity of the electrons in the 
reference beam, using the relations given above. 

Guye and Lavanchy made nearly 2,000 separate determinations 
of m jm 0 for electrons with velocities ranging from 26 to 48% that of 

light and showed that their results confirmed theory to an accuracy 
of 1 part in 2,000. 


Velocities of p -particles. The p-rays from different radio- 
act i\ e substances have different velocities, like a-rays, but very much 
higher than in the case of a-rays ; e.g the velocity of p-rays emitted 
by UXj is about 0*6 c, of those from PaE about 0*94 c t fro m TfiC 
about 0*96 c, from PaC 0*986 c, and from MsThll 0*998 c, the fastest 
P-particles so far found. The P-particlos emitted by any one radio¬ 
element have also widely different velocities, with the special feature 
of the velocity varjdng continuously from low up to high values in 
contrast to the a-particles ; e.g,, the velocity of the P-parfcicles from 
RaP varies from 0*365 c to 0*823 c, of those from PaC from 0*632 c 
to 0*986 c and so on. This is why a beam of P-rays from any given 
p-eruitter is not deviated uniformly in a magnetic field but is spread 
out in a continuous spectrum. 

Although it has not been possible to ascertain whether there is 
a lower velocity limit in the continuous spectrum or whether the 
distribution extends right up to zero velocity, the upper limit which 
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gives the maximum velocity could be fixed fairly exactly. Sargent 
has found a relation between these upper limits and the disintegration 
constants of different (Remitters, similar to the Geiger-Nutt^ll rela¬ 
tion in the case of a-particles. Plotting log A against log v max , he 
obtained straight line curves which indicate that there is a direct 
proportionality between the decay constant and disintegration 
energy. The continuous nature of the p-ray spectrum has given 
rise to a serious difficulty in connection with the energy involved in 
atomic transformations and many eminent scientists have racked 
their brains to find an adequate solution for it. But, as the study of 
the p-ray spectra belongs to the modern problems of radioactivity, 
we shall deal with this subject latter. 

The passage of p-rays through matter. Both from the 
theoretical and experimental standpoints, the study of the passage of 
p*rays through matter is much more complicated than the corres¬ 
ponding problem for a-rays, since the phenomenon of scattering plays 
a much more important part in the case of the p-particles on account 
of their very light mass ttym in the case of the heavier a-particles. As 
the a-particles, in their passage through matter, knock , electrons out 
of atoms and produce ionisation, their speed is slowly reduced with¬ 
out, however, being deviated to any great extent from their straight 
path, except on rare occasions when they collide with nuclei. But 
when the P-particles knock electrons out of atoms and produce 
ionisation, they are not only reduced in speed but also deviated very 
much from their paths by impacts with electrons or nuclei unless they 
possess extremely high velocities. These peculiarities of the passage 
of P-particles through matter can be easily observed in a cloud 
chamber. The straggling effect becomes so large that p-particles do 
not exhibit a well-defined range as in the case of a-particles. For 
the same reason, the absorption and scattering phenomena interfere 
with each other in the case of P-particles. Another great difficulty 
is the want of homogeneity of p-rays, haying a complex energy 
spectrum. A further complication arises from the fact that the 
p-particles change in mass with change in velocity. Several resear¬ 
ches, however, have been made as regards absorption and scattering 
o p-particles, into the details of which we cannot enter here. We 
may just mention some of the results obtained. 

, (J) Absorption of p -rays by matter . It is interesting to note 

a the highly inhomogeneous p-particles from radioactive sub- 
s anees show an absorption which is almost exactly exponential up to 
a certain thickness of matter. This is, however, only an accidental 
resu t of the initial energy distribution and of the scattering effect, 
xperimcnts made with a beam of homogenous p* part ides show 
lat the absorption is not really exponential. After traversing a 
cer am thickness of the absorber the energy of the p-rays is no longer 

a . 1 . n^5^5, one may speak of a range for 

p ra\s f as m the case of a-rays, although ill-defined on account of 

a"* £ rc * fc preponderance of the straggling effect. The ranges of 
” par ic es are large, about 100 times those of a-particles and are 
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found to increase rapidly with the speed of the particles, roughly 
independent of the nature of the absorber. 

(2) The ionising power of the ^-particles which is much less than 
m the case of oc-particles is lost below a certain critical velocity ; 
but above this, the ionisation rapidly increases to a maximum value! 
After reaching the maximum the degree of ionisation falls with 
increasing speed to a constant value. The maximum ionisation 
occurs at a velocity corresponding to an acceleration of the particles 

y a P.f). of 1000 volts, more than 1000 ion-pairs being formed per 
cm. in air atN.T.P. Very high velocity ,3-particles produce only 

about 50 pairs per cm, which is about 200 times less than in the case 
of a-particles of the same speed. 

(3) Scattering of p-rays. Experiments show that multiple scat¬ 
tering ploys a prominent part. With gold foils, for instance, as 
much as 50° /O of a p~ray beam is diffusely reflected by “multiple 
scattering . As the angle through which a particle is scattered is 
inversely proportional to the square of its energy, (3-rays, being 

less energetic, are scattered much more than a-particles. 
ingle scattering can take place also bj 7 impact both with electrons 
and with nuclei, as demonstrated by the cloud chamber tracks of 
3-particles, where abrupt changes through more than 90° are observed. 

THE GAMMA-RAYS 

Some time after the existence of the a- and p-rays had been 
established, the y-rays were discovered by their very high penetra¬ 
tive power. For, it was found that a shield of iron, as thick as 
30 cms., failed to cut off the radiations from radioactive substances. 
This penetrating radiation could not be deflected by the most 
intense magnetic fields, which indicated that it carried no electric 
charge. Subsequent researches, which we shall summarise here, 
showed that y -rays are of the same nature as X-rays, hut of extremely 
short wavelength, much shorter than that of even the hardest X-rays ; 
hence y -rays are very short electromagnetic waves. 

The passage of y-rays through matter. If the y-rays are 
identical in nature with X-rays they should produce the same 
effects in traversing matter, as X-rays of shortest wavelengths. . This 
has been found to be the case. 

Absorption of y -rays. The y-rays follow approximately the 
exponential absorption as in the case of X-rays, expressed by the 
usual relation I = 1 0 where I is the intensity of the y-rays 

after passing through a thickness x of material, I 0 the initial intensity 
and /x the absorption coefficient. That the y-rays obey this law 
only approximately is readily seen by plotting log I against x. The 
curve obtained is not a straight line. It has, however, been shown 
that this departure from strict exponential absorption is due to the 
heterogeneity of the incident y-rays. For, if the thickness of the 
absorbing material is increased, after a certain thickness the softer 
rays are filtered out, leaving the hardest ray, which is monochro- 
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matic and exhibits true exponential absorption. Most y-rays from 
radioactive substances are heterogeneous, made up of a small num¬ 
ber of discrete (t.e., not continuous) components, hard, medium and 
soft, each of which has a different absorption coefficient. The harder 
the component, the smaller is the value of the coefficient for a given 
absorber. The coefficient varies also with different absorbers, for 
instance, the y-rays of RaC have the val ues of p as 0*621 in mercury 
0*533 in lead and 0*126 in aluminium. In general, we may say that 
the absorption of a monochromatic y-ray in a substance is exponen¬ 
tial with an absorption coefficient characteristic of the nature of the 
ray and of the substance. 


The interaction of y-rays with matter is a very complex pheno¬ 
menon. Prom the experimental results so far obtained we may 
distinguish three different types of effects, viz., the protoelectric effect , 
the scattering effect and the positron-electron pair production. The 
first two are met with X-rays while the third only with y-rays. 
The relative importance of the three processes depends both upon 
the energy of y-rays and the nature of absorber. 


The photoelectric effect of y-rays. When comparatively soft 
y-rays interact with heavy elements almost all the absorption is due 
to the photoelectric effect. In this process, the y-rays knock out 
electrons from the atoms of the absorbing material, which results in 
the ionisation of the atoms and the emission of characteristic 
fluorescent radiations. The energy of the photoelectrons produced 
by y-rays is very high, since there takes place a complete absorption 
of the total energy of the incident y-rays by the electrons. The 
y-rays do not ionise directly, but through the intermediary of the 
electrons which they eject from matter. That no direct ionisation 
takes place follows from the fact that the penetrating power of the 
secondary electron liberated by the y-rays is independent of the 
path previously traversed by the y-rays. Had the y-rays given up 
energy by direct ionisation along the path covered before they ejected 
the secondary electrons, the energy and consequently the penetra¬ 
tive power of the latter would depend upon the length of that path, 
which, however, is not found to be the case. The inability of y-rays 
to ionise directly is due to the fact that they carry no electric charge. 
For the same reason they cannot be directly detected or measured by 
the ordinary methods used in the case of charged particles, such as 
a- and p-rays. AU the devices used to detect or measure the inten¬ 
sity or energy of y- rays are, in fact, sensitive not to the y-rays as 
such, but to the secondary radiations they produce by interacting 
with matter. The fluorescent radiations produced by y-rays have the 
same features as characteristic X-rays, dependent on the nature of 
the substance that emits them. 


The scattering of y-rays. As in the case of X-rays, so also with 
y-rays, there occur coherent scattering without change of wavelength 
and incoherent scattering or Compton effect with change of wave¬ 
length. This second type of scattering plays a prominent part when 
hard y-rays interact with light elements, ejecting electrons from the 
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atoms of the absorber. These electrons are called recoil or Compton 

electrons in order to distinguish them from photoelectrons. The 

energy absorbed by these Compton electrons is only a small fraction 

of the total energy of the incident y-rays, unlike in the case of the 
photoelectrons. 


The production of positron-electron pairs by y -rays. ’ The y-rays 
interact with matter also in a third and novel manner, a peculiar 
photoelectric effect which has no classical analogy and is not met 
with in ordinary X-rays, that is, the creation of electron-positron 
pairs. As the story of the experimental discovery of this pheno¬ 
menon coincides with that of the discovery of the positron in cosmic 
ray researches we shall postpone it to a later chapter. We may 
mention here briefly the main features of this effect of y-rays. The 
pair pro uction process assumes a great importance when high energy 
f-rays interact with heavy elements . The energy of the y-rays re¬ 
quired to produce this effect must be at least that which is equiva¬ 
lent to the rest-masses of the electron and the positron produced. 

* or less ener gy, the phenomenon does not occur, while for greater 

energy, the excess, which is left over the amount spent in the 
creation of the two material particles, the electron and the positron, 
is communicated to the formed particles as kinetic energy of 
motion. Hence, in this case also there is complete absorption of the 
total energy of the y-ray which simply disappears, asTnthe photo¬ 
electric effect. The positron or positive electron has been shown to 
be identical in nature with the electron having the same mass and 
same fundamental charge, except for the sign of the charge, i.e., the 
charge it carries is positive while that of the electron is negative. 
The phenomenon is an excellent illustration of a vertiable materiali¬ 
sation of radiant energy^ undreamt of in Classical Physics. It also 

offers a very good experimental confirmation of the theory of relati¬ 
vity, as we shall see. 

The following points are worthy of note in connection with the 
three different ways in which y-rays are absorbed by matter. 

(t) Although the relative importance of the three processes 
depends both upon the energy of the y-ray and on the atomic num¬ 
ber of the absorbing element, they are not exclusive of each other. 

(ii) Equilibrium of these secondary radiations (photoelectrons, 
Compton electrons, and electron-positron pairs) with the primary 
y-rays is achieved only after a considerable thickness of the absorber 
has been traversed, so that the thickness of the absorber is an addi¬ 
tional factor to be considered in the study of these effects. 

(iii) The total absorption coefficient y comprises in the case 
of y-rays of three different components, viz,, the photoelectric coeffi¬ 
cient t, the scattering coefficient a and the pair production coefficient 
k 9 so that 

P — t + a + k 

Hence, the exponential law that governs the total absorption must 
be an approximate one and may not be applied ^Indiscriminately. A^e 
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must always specify the nature of the absorber and of the y-rays 
used. Even in the ease of monochromatic y-radiation, the strict 
exponential relation is experimentalh r verified only when (a) the 
scattering effect is negligible—a condition satisfied only if the absorb¬ 
ed beam is approximately parallel and (b) the pair production effect 
is neglible, since when this predominates no universal absorption 
cofficient exists* These conditions are realised with low energy 
Y-rays traversing heavy elements like lead. 

(iv) None of these phenomena finds an adequate explanation 
in the classical electromagnetic theory. The photoelectric and Comp¬ 
ton effects can be satisfactorily understood on the basis of the quan¬ 
tum theory of radiation, while the pair production effect requires a 
wave mechanical interpretation. 

WAVELENGTHS OF THE Y-RAYS 

If the Y-rays are electromagnetic radiations like X rays, it 
should be possible to measure their wavelengths by the use of cry¬ 
stals as diffraction gratings. This has been successfully achieved in 
ripite of the two great difficulties arising from (i) the extremely short 
wavelength which implies the measurement of very small glancing 
angles of the order of a few degrees only and («) feeble scattering 
which takes place not from the lattice planes but within the indi¬ 
vidual atoms. Rutherford and Andrade were the first to apply this 
method, which we have already described in connection with X-rays. 

(y * P* The wavelengths of Y-rays from RaB and RaC measur¬ 

ed by this method were found to lie between 0*7 and 1*3 A°. 

Thibaud andFrilley used the rotating crystal method, as in the 
case of X-rays. A strong source of y-rays was used. The photographic 
plate was at a fairly large distance 
to secure high dispersion. The 
crystal was oscillated very slowlv 
about 2 in 24 hours. The exposure 
was from 40 to 200 hours. The 
measured wavelengths of the y-rays 
rom RaB and RaC varied from 
^ 6 to 1*3 A°. It was also found 

^ Y‘ ra y s give hne line spectra 

without any appearance of conti¬ 
nuous band, some sources giving 
more than 40 lines. 

In the case of y -rays of ex- 
tremely short wavelengths, the me- 
thod of crystal analysis becomes 
difficult to work ; hence other 
methods such as the excited electron 
inetlwd, where the wavelengths of 
Y-rays are determined by measuring 
the velocities of photoelectrons pro¬ 
duced by the y-rays in their inter- Prof ‘ da C ‘ Andrado 
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action with matter and the natural p-ray spectra method „ where an 
analysis of the (3-spectra of radioactive substances enables the y* ra y 
wavelengths to be deduced, have been employed and wavelengths of 
Y-rays ranging from 0 005 to 0-4 A° have been accurately estimated. 

tlie s jUcI^^ of tlie Y-rav spectra and the light it throws on 
the energy levels inside the nucleus of the atom belong to the 
modern problems of radioactivity, we shall come back to this subject 

however, remark here that these experimental 
researches on the measurement of the Y* r ay wavelengths establish 
beyond doubt that Y-rays are electromagnetic waves like X-rays and 
visible light, though occupying the extremely short wavelength region 
from 1 A° to *0001 A° in the electromagnetic spectrum. To produce 
the hardest Y~ ra ys (i.e,, Y-rays of shortest wavelengths emitted by 
natural radioactive substances, as in the case of ThC") by means of 

necessary to operate such a tube at 2*62 

million volts. 

USES OF RADIOACTIVITY 

Radioactive tracers . A very important use of radioactivity, 
which is fast covering an ever-widening field of applications in many 
branches of science, is what is known as radioactive indicators or iso - 
topic tracers. It A is based on the existence of radioactive elements 

which are isotopic with stable elements ; eg. RaB, RaD, ThB and 
AcB are all isotopic'with stable lead ; RaC, RaE, ThC and AcC are 
likewise isotopes of bismuth. Now if RaD, one of the radioactive 
isotopes of lead, is mixed with the latter, it behaves like an indicator 
or tracer and tho lead can be traced by means of the associated RaD, 
even if the lead were to be found in such a small quantity that it 
cannot be investigated by ordinary methods. The tracer remaining 
chemically inseparable and indistinguishable from the element to be 
traced will alwaj's give information on the behaviour of the other, 
following it through all, even complex, physical and chemical 
changes. With the discovery of induced radioactivity and the pro¬ 
duction of radioactive isotopes by artificial means, the importance 
of the isotopic tracers has been greatly enhanced. 

In the purely physical and chemical fields , indicators have been 
used in the determination of the solubility of sparingly soluble 
materials, measurement of rates of diffusion in solid systems, study 
of phenomena at boundary surfaces and of intermolecular exchanges, 
etc. Medical applications also have been made. Eor instance, in the 
treatment of syphilis, by employing RaE as indicator, the retention 
of bismuth in the organism has been investigated in detail and it 
has been found that for a long time after treatment a considerable 
amount of bismuth remains in the body, maintaining an antisyphili- 

tic effect. But the major application of isotopic tracers at present 

is in biological researches where artificially produced radioelements 
are used with ease and economy. W T ith their aid, the rate, place and 
sequence of formation of the organic constituents of a living body. 
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the permeability of cell-walls, the metabolism of phosphorus in 
human, animal aiul plant systems, the rate of lymph circulation, etc. 
have been investigated. 

Some of the other interesting applications are : — 

Luminescent paints. A carefully prepared mixture of radio- 
thorium (a-emitter) with zinc sulphide exhibits a more or less perma¬ 
nent luminescence and is used for coating the pointers and figures of 
clocks and watches, for rendering visible signs in theatres and so on. 

Radium therapy. The rays from radium, though harmful to 
healthy skin, produce satisfactory improvement in various skin disea¬ 
ses. They also have a healing effect on internal diseases. The cura¬ 
tive properties of many natural springs have been attributed to their 
content of radon. 

Had Nature not dispersed the radioactive substances through 
the rocks of the earth, had there not been one or two of them long- 
lived enough to survive and maintain a supply of their descendants 
until man arrived and became scientific, or if the faint outward signs 
of radioactivity latent in the rocks had been overlooked or once 
noticed had been left unstudied, in any of these cases centuries more 
might have passed before a proper foundation was laid for the edifice 
of the atom. That is the prime reason for honouring those who 
discovered radioactivity and they did not rest until they had brought 
it fully into the light. Theirs is an illustrious history, but not with¬ 
out pathos. And the benefits which they gave have not yet been 
fully exploited; marvellous things may still be discovered in the 
process of understanding the action of the rays on living matter. 
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General Introduction 

The fundamental concepts which form the background of 
Modern Physics and have completely revolutionised age-long ideas of 
classical Physics are : (t) the Theory of Relativity, (it s the Quantum 
Theory of Radiation , (m) the Wave nature of Matter and (iv) the 
Quantum Statistics . VVehave already had occasions of mentioning them 
in passing. For instance, in connection with the determination of the 
ejm value for the 3-particles we have been obliged to bring in the theory 
of relativity on account of one of its important conclusions, viz., the 
variation of mass of a moving body with its velocity. When dealing 
with the photoelectric effect we have said that this phenomenon 
caused by electromagnetic radiations such as ordinary light, X-rays 
and Y*rays finds no proper solution on the basis of the classical 
theory and can be adequately explained only on the principle of the 
quantum theory. In the study of the electron microscope, we have 
stated that one of the basic principles on which the instrument is 
constructed and functions is the wave nature of material particles, 
such as electrons. In dealing with the thermal and electrical con¬ 
duction in metals, the thermionic emission, etc. we have remarked 
that the new quantum statistics leads to better results than the 
classical Maxwellian statistics. 

Now we have reached a stage when it is no longer convenient 
or easy to proceed with the study of Atomic Physics without a clear 
grasp of these new revolutionary theories which guide modern physi¬ 
cal thought. Our aim in this Part II is therefore to make a simple 
and brief statement of the essential points of these theories and also 
give some experimental facts that establish in a convincing manner 
their validity and importance. 


CHAPTER VJ 


The Theory of Relativity 

. Introduction, the theory of relativity was first definitely 

ormulatcd by Einstein at the beginning of the present century 

though the work of Lorcntz might be regarded as having paved the 

way for it. It has since been placed on a substantial mathematical 
basis by Minkowski. 

The term ‘relativity’ is applied to Einstein’s theory because the 
primary quantities in mechanics and astronomy such as space, 
time and mass are shown by it to be relative, i.e any one of these 
actors cannot l»e reckoned absolutely by itself but only in relation 
to others. The new theory, in consequence, is in direct contradiction 
with the fundamental ideas of classical Newtonian mechanics, where 
space, time and mass are considered absolute. 

Space or extension is derived by abstraction from extended 
objects. Physics which is directly concerned only with the measure¬ 
ment of space reduces the study of 
space to the measurement of a length, 
i.e., of the distance between two points 
in space. In Classical Physics space 
thus understood is absolute , “by its 
very nature remaining the same and 
immobile without relation to anything 
external,” as Newton has declared. 
This means to say that the length of 
an object is independent of the con¬ 
ditions under which it is measured, 
such as the position or motion of the 
object or the experimenter. The classi- 
calTnotion of absolute space led to two 
useful results, viz., first, a fixed frame 
of reference by which the position or 

Sir Issac Newton motion of any object in the universe 

can be determined, and second , the 
constancy of the geometrical form (cubical, spherical, etc.) of an 
object, independent of the position or state of motion of the object 
or observer. 

Time considered in itself is derived by abstraction from the 
motion of extended - 'material objects in space. Physics, however, 
which deals with the fneasvrement of time , uses the method of com¬ 
paring different but simultahepus phenomena, some of which usually 
exhibit periodic motion ; e.g., clocks measuring time are compared to 
and regulated by the periodic rotation of the earth. According to 
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Newton,-time is absolute “by its very nature flowing uniform y 
without reference to anything external”. Hence there xe a 
time flowing at a constant rate, unaffected by the mo lon ° r P® . 
of objects and observers. This implies, ir. the first place, that the 
interval of time between two events has the same value for a 
observers, whatever be their position or motion, and, secondly t 
if two events are simultaneous for an observer, they are simultaneous 
for all, irrespective of their position or motion, which means, in otner 
words, that' simultaneity is absolute. 


Mass. In Physics the study of mass consists in the measure¬ 
ment of mass , which can be done in different ways, viz. ]>y S ra ™ a ‘ 
tional force, by determining the volume and density of the body 
whose mass is required ; in Mechanics, mass is given y ® ra v J° 
between the fcrce acting on a body and the acceleration ^ 

acquired. Newton’s second law of motion which states that the 
force is proportional to the change oi momentum it produces, imp les 
that the mass of a body is absolute and constant, independent ot t u 
motion of the body or the observer. 

Einstein’s theory rejects this absolute nature of the funda¬ 
mental quantities, space, time and mass, postulated by classical 
mechanics, by denying their independence from the position or 

motion of bodies or observers. 


It must be noted, however, that Einstein s theory does not 
break off completely from everything contained in Newtonian 
mechanics, since the latter has clearly enunciated a certain principle 
of relativity which is preserved in the new theory also as one of its 
fundamental postulates. The Newtonian principle of relativity 
be stated in the words of Newton as follows : * * Absolu tfi^metrOIi 

which is the translation of a body from one absolute placeto another 
absolute place can ttov er be detected ; for, translatory motion can be 
perceived only in the form of motion relative to other material bodies. 
From the context the absolute motion referred to by Newton is 
simply uniform rectilinear motion of a body between two points in 
absolute space which is considered as a fixed frame of reference. 
What Newton meant by his principle of relativity is that-the laws of 
mechanics are unaffected by the uniform rectilinear motion of the 
system of reference. Hence it is impossible by mechanical experi¬ 
ments performed within the system to detect the uniform rectilinear 
motion of the system. We can measure therefore uniform motion 
only relatively with observations made from outside the moving 
system and not with those confined to the S 3 r stem. This is the reason 
why Newton did away with the distinction bet ween a state of rest 
and that of uniform rectilinear motion, as is seen from his first law 
of motion. 

The principle may be enunciated in yet another way : all 
sy8tem8» which move uniformly in a straight line , relatively to one an¬ 
other , are equivalent with regard to all mechanical laws. Newton was 
forced to the acceptance of such a principle of relativity, which w ? as 


37C 


FUNDAMENTAL CONCEPTS OF ATOMIC PHYSICS 

known even before his time, first formulated by Galileo, from com- 
mon experience. A simple illustration will make us realise this. Let 
us consider a person inside a train. At a station, when the train is 
at rest he throws a ball vertically upwards and finds it to fall 
vertically downwards. Now let the train be moving at a uniform 
speed along a straight track. The person in the moving train repeats 
ins experiment and finds the same result as when he along with the 
rain was at lest at the station, viz,, the ball thrown up vertically 

vtrtical l 1 y* Hence, he realises that from the behaviour 
ot tne ball or similar mechanical experiments performed within the 
train it is not possible for him to say whether he and the train 

a uniform motion ; he cannot therefore deduce any¬ 

thing about his motion. 

If another person, stationed outside the moving train and at 
rest, watches the same experiment conducted within the moving 
train, he finds that the ball thrown up vertically does not fall verti- 
ca y own but travels along a parabolic path from which he can 
readjly detect the motion of the train relative to himself. Hence, 
all rectilinear uniform motion can be measured only relatively. It 
ma} e noted that if the motion of the train is not uniform or rectili¬ 
near, as appens w'hen the train turns round a curve or its speed is 
accelerated, the ball thrown up vertically will not fall vertically 
own even to the person ins id o the train so that non-uniform motion 
can be detected by observations made within the system itself. 

ence t e principle of relativity of Newton applies only to uniform 
rectilinear motion. 

Einstein has been able to enrich this principle of relativity and 
make it produce wonderful results by removing from it the classical 
notions o absolute space and absolute timo and by introducing a 

new and original idea, relativity of simultaneity t in contradiction to 
the classical absolute simultaneity. 

Our aim in this chapter is to summarise the essential features of 
this theory, viz., its origin (i.e., the causes that led to its formulation), 
its postulates and principles, the important conclusions that have 
>eett draw n from it and finally the experimental facts in its favour. 

ORIGIN OF THE THEORY 

The problem of absolute motion of bodies, i.e., motion with 
respect to a fixed frame of reference and the interpretation of the 
various experimentally observed facts in terms of absolute motion, 
has formed a burning question in Ehy&tes~Ibr~more than a century. 
Newton was fo rc ed to adg n-tT^as we have seen, that the absolute 
motion of—ar-onliormly moving system^ cannot be detected by 
mechanical experiments conducted within the system. Hut with the 
recognition of the wave theory of light, a new element, unknown to 
Newton, was introduced into the problem" of absolute motion. For 
the wave nature of the propagation of light, even under its most 
universal electromagnetic form given by Maxwell, demanded the 
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assumption of a hypothetical medium called ‘ether’ which filled uni¬ 
formly all space and penetrated all matter. Light and heavenly 
bodies were assumed to move freely through ether. 

With the introduction of such an all-pervading medium, scien¬ 
tists became more hopeful of tackling the' old problem of absolute 
motion of bodies, left unsolved till then by mechanical means, by the 
use of optical instruments. They proposed to themselves the follow¬ 
ing apparently simple but extremely puzzling question: W hat happens 
to the ether wh^ phy^t^ fti bo dies. move in it ? The answer to this ques- 

* v. * A 

tion was thought to be of very great importance For, if material 
bodies moving in space filled with ether carried along with them the 
ether there would be no relative motion between the two so that 
there would be no change in the velocity of light relative to the 
material bodies moving in the ether and in consequence absolute 
motion of the moving bodies with respect to the ether could not be 
detected by optical phenomena, as in the case of mechanical pheno¬ 
mena. If, on the other hand, material bodies moved in space while 
the ether remained perfectly at rest , there will be relative motion 
between the two so that there would be change in the velocity of 
light relative to the material bodies on account of their motion in 
the ether and in consequence the absolute motion of the moving 
bodies could be detected by optical phenomena. 

But the problem received different solutions from different 
scientists. Hertz proposed that the ether was completely carried 
along by the moving bodies so that its velocity was equal to their 
velocity. In such a view, there would be no possibility of detecting 
absolute motion with respect to the ether by optical experiments any 
more than by mechanical experiments. But the hypothesis was rejec¬ 
ted since it was quite incapable of explaining experimentally observed 
optical phenomena, such as Doppler effect and aberration of light. 

Fresnel and Fizeau held the opinion that the ether was partial - 
y carried along by the bodies in motion. Fresnel on purely theo¬ 
retical grounds found an expression for the partial drag of the ether 

a °/xF . w , ^ e _ moving body, viz., (y? — 1)//a 2 known as Fresnel's 
coefficient of ether drag . Fizeau using an interference method was able 
to show that a moving column of water did really drag the ether 
a ong with it to the exact amount predicted by Fresnel’s formula. 

. Lorentz, on the other hand, defended a stationary ether hypo - 
thesis maintaining that the ether was absolutely at rest, even that 
par o it which penetrated moving bodies. The phenomena of 
a erra ion lent full support to this opinion while it was not in favour 
ot any ether drag, not even partial, caused by the motion of bodies. 
Dorentz showed that the conclusions derived from Fizeau’s experi- 
men s were not necessarily correct. For the ether being perfectly 
* i* ® movement of the electrons in the moving body, which 
o e the velocity of propagation of light, might be wrongly inter- 
pre a partial drag of the ether. He was also able to apply the 

lonary et er idea with success to a wide range of experiments. 
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But then, if the ether was at rest, one could think of bodies 

which move with respect to it and there should be some means of 

discovering such a movement, as we have already pointed out. 

Several delicate experiments were performed with this end in view, 

the most famous among them being the one conducted by Michelsoh 
and Morley. 

THE MICHELSON-MORLEY EXPERIMENT 

The principle of the experiment may be summed up as follows 
The eai th travels round the sun at the rate of about 18*5 miles per 

sec, or 3 x 10 6 cms./sec v In the short 
time of an experiment this velocity 
can be considered as rectilinear and 
uniform. Assuming that the ether, 
through which light is propagated 
with a fixed velocity of 3 x 10 10 cms. 
per sec., is at rest, the earth passes 
through this stationary ether at a 
high velocity, about one ten thou¬ 
sandth of the velocity of light which 
was not attained in experiments con¬ 
ducted in tho laboratory till then. If 
then a beam of 1 ight is sent from a 
source to an observer on the earth in 
the same direction as the earth’s 
motion, it should take longer to com¬ 
plete the journey than if sent in the 
opposite direction, since the ob server 
Prof. Michel son is moving away from the advancing 

light wave when the latter is in the 
same direction as the earth’s motion, whereas he is moving towards 
the advancing wave in the reverse direction. The purpose of the 
experiment was to measure this time-difference from which the 
relati ve vel ocity between the ether and the earth could be calculated. 

Experimental arrangement. A beam of light from a mono¬ 
chromatic source S (Fig. 164) falls upon a semi-silvered glass plate P 
placed at 45° to the beam and is partly reflected and partly trans¬ 
mitted. The reflected portion travels in a direction at right angles 
to that of the initial beam, falls normally at B on a mirror M x by 
which it is reflected back to P. The transmitted portion travels 
along the direction of the initial beam, falls normally at A on another 
mirror M 2 and is reflected back to P. The two rays thus returned to 
P interfere on tlieir final journey towards the telescope T, so^ that an 
interference pattern can be observed and studied with T. The effec¬ 
tive distance of the mirrors Mi and M 2 from the plate P is made to 
be the same by the use of a compensating plate not shown in the 
figure. If this arrangement, known as Michelson’s interferometer, 
were at rest in ether the two rays would take the same time to return 
to P. But in the actual experiment the whole apparatus is moving 
with tho earth. Let us suppose that the direction of motion of the 
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earth coincides with the direction of the initial beam of light. Ow¬ 


ing to the motion of the apparatus along 
the two iays and the 
positions of their 
reflections from the 
mirrors will be as 
shown by the dotted 
lines in the figure. 

Che time taken by 
the two rays on their 
journey to their res¬ 
pective mirrors and 
back to the plate 
Mull no longer be 
equal. The difference 
between these times 
can be .calculated as 
follows :— 


Let c be the velo¬ 
city of light through 
the ether and v the 
velocity of the earth, 
which is also that of 
the apparatus. Let 
PA = PB = d. The 


with the earth the paths of 

/ * - 0 


fl 


i 







Fig. 164. Michelson-Morley apparatus. 


ray 


„ reflected from P and moving transversely 
will strike the mirror M, not at B but at B' due to the motion of the 

earth. If t be the time taken by the ray starting from P to reach M,, 
then 

PB' = ct and BB' = vt 

The total path of the ray until it comes back to the plate is evident- 

y P® P » PP being equal to 2PC = 2BB* as readily seen using the 
Jaw of reflection at the mirror M^. 


Also 


t.e., 


PB'P' = PB' + B'P' = 2PB', since B'P = B'P'. 
PB'2 = PC 2 + CB' 2 

since CB' = PB. 


cH 2 = v-t % + d 2 , 


t = - 


If t y is the total 
PB'P' then 


[c 2 - u 2 ] 1 /* 
time taken by the 


yd 



c Q 

ray to travel the whole patli 


t r = 2t = 


2d 


l _ 2 df 1t i> 2 \ v > ) 


[c 2 - c V I r 

.he ray transmitted through P and moving longitudinally towards 
a as a velocity (c — v ) relative to the apparatus from P to A and 


p 

( 
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(c + v) on the return journey from A' to P',assuming the ether to be 
at rest. If t 2 is the total time taken by this ray to get back to the 
plate 





_ d 

c + v * 


since PA = P'A' = d . 


4 


* 4 



Hence the difference between 
and transverse rays is 



r 

the times of travel 



of the longitudinal 

1 


7 * 


and the effective optical path difference between the two rays is 


8 = 


c (tz — fj) 


dv 2 
c^A 


wavelengths, 


A being the wavelength of the light used. 


The interference pattern would accordingly be shifted by the 
motion through dv 2 jc 2 \ fringes. 


If the whole apparatus is turned through 90° so that the mirrors 
and M 2 change places, the longer path ray taking the place of the 
shorter and vice versa , the difference in path will be in the opposite 
direction and in consequence the effect will be doubled and a displa¬ 
cement of fringes equal to 2cfo 2 /c 2 A will occur. 


Since the displacement depends upon v 2 jc 2 , it will be negligible 
in all experiments involving such small velocities as in that of Fizeau. 
But, in the present case, since the velocity of the earth is sufficiently 
great, the effect should be measurable by such a delicate instrument 
as the Michelson’s interferometer which is able to detect a displace¬ 
ment of about one-hundredth of a fringe-width. Further, the effect 
can be increased by choosing a decently high value for d . For 
example, if d — 11 metres and sodium light (A = 5*9 x 10" 5 cms.) is 
the source, v being 3 x 10 6 cms./sec. and c = 3 x 10 10 cms./sec., 
the displacement of the fringes 


J = 2dv* _ 2 x 11 x 10 2 X/X 10 12 _ 2^2 = 0 ^g| 

c 2 A ^JPx 10 20 x 5*9 x 10"* 5*9 

of a fringe width, which could therefore be easily observed with the 
apparatus used. 


In the actual carrying out of the experiment, in order to secure 
constancy of temperature as well as avoid vibrational effects, the 
dimensions of the apparatus were reduced by making the arms F 
and PB small ; but d was increased by a system of mirrors reflecting 
the rays to and fro a great number of times before returning toit e 
plate P. The whole apparatus was mounted on a massive sandstone 
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which floated in a pool oi mercury. The apparatus was kept in slow 
rotation making one revolution in about six minutes. 

Result. The result obtained by Miclielson and Morley was 
surprisingly unexpected ; for the actual displacements observed by 
them were not only not consistent but also certainly less than one- 
twentieth of what was expected. This negative result might just 
have been due to the fact that at the time of the experiment the 
( M th might have had no resultant component of velocity parallel to 
the surface of the earth due to the motion of the solar system as a 
whole. At a given time of the year, it might happen for the terres- 

' ■ M'l <1 i motions to be in opposite senses and cancel each 

other. But then six months later the earth’s orbital velocity will be 

reversed and in consequence its velocity through ether would be 

twice its orbital velocity. But observations made by Michelson and 

Morley at different times of the year, when the directions of the 

earth’s orbital velocity are different, always gave the same negative 

result. These experiments were performed in 1881 and 1887 at the 

Norman Bridge Laboratory, Pasadena. Prof. Dayton Milter more 

recently, in 1921 and 1924, repeated the experiment at Mount 

Vvilson Laboratory with necessary precautions taken against all 

disturbing causes and showed that the shift, if it existed at all was 

less than 1/40 of the calculated amount. Since, therefore, the expect- 

ed effects of the motion of the earth through an ether at rest could 

not be found, motion through the ether could not he detected by optical 
experiments. J * 


TROUTON-NOBLE EXPERIMENT 



,.. Trc “ ton and Noble in 1904 attempted to solve the problem by 

ofvSrtvir °£® x P eriment usin 8 electromagnetic waves instead 
ol visible light. Their apparatus consisted of an electric condenser 
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Ether-drag. In fact, if it could be assumed that the moving 
earth dragged the ether with it, there would be no relative motion 
between the two, and the negative result could be easily explained. 
But there were many difficulties against such an assumption. For, 
the ether-drag must be considered as either complete or partial. If 
complete, as the experiments of Michelson and Morley and others 
would seem to suggest, experimentally observed phenomena, such as 
aberration of light, could not be explained. If the drag was consi¬ 
dered partial, as suggested by Fresnel and Fizeau, then it is very 
difficult to devise a plausible type of motion for the ether which 
could give a value of the aberration agreeing with observation and 
at the same time account for the negative result of the experiments 
conducted by Michelson and Morley, Trouton and Noble and others. 
Further, the partial drag observed in the experiment of Fizeau 
could be explained, as Lorentz did, by the electromagnetic theory 
which is based on a stationary ether. 

The Lorentz-Fit2geraid contraction . The defenders of the sta¬ 
tionary ether hypothesis, on the other hand, were able to formulate 
an explanation known as the Lorentz-Fitzgerald co7itraction ^hich 
appeared to account for the negative result satisfactorily. Lorentz 
and Fitzgerald contended that on account of the electrical nature of 
matter, the size and the shape of a solid body, depending on the in¬ 
teraction of electrical forces between the molecules, may be altered 
by the motion of the body through the ether perfectly at rest. They 
next showed that electromagnetic equations were not the same for 
bodies in motion as for those at rest and that in order to maintain 
the equations the same in the two cases it was necessary to alter 
space and time measurements in a special way. This was done as 
follows : 

In order to formulate the laws of Newto,nian mechanics in 
mathematical terms, let us consider two observers one O at rest and 

the other 0* moving 

/ with a uniform velocity 

Y Y v along the X-axis. The 

motion is equivalent to 
two frames of reference 
S and S', represented 
by the usual Cartesian 
rectangular co-ordinates 

whose X-axes coincide, 

/ one remaining at rest, 
A while the other moves 

^ with a constant velo¬ 
city v along the X-axis 

(Fig. 165). Let thetwo 
observers be interests 
in the study of an event* 
such as P. According w> 
Fig. 166. the observer O the co- 
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ordinates of P are x, y, z, and t and to 0' they are x', y', 2 ' and t'. 
Then by the laws of classical mechanics 

x’ =tx — vt \ y' = y ; z ’ = z ; t’ = t. 

since, according to Newton, tho coordinates of space may differ in 
different systems but not that of time as seen from the relations 

x — x — vt and t* = t. 

Time is independent-of anything external, y' and z' happen to 
oe equal toy and 2 respectively on account of the sim [difying as¬ 
sumptions made m the present case ; but t' will always be equal to 
feiace the coordinates of time is the same for all frames of reference, 
the above relations are known as classical transformation equations, 

as they enable us to pass from the coordinates of tho observer at rest 
to those 01 the observer in motion. 

These simple transformation equations are, however, found to be 
inadequate when applied to the case of electrodynamics. Both expe- 
nment and theory show that if electromagnetic measurements made 

r^ re T ct t0 a fi ? ed frame of refe rence are to be transformed to 

movi . n S Wlth a velocity v along the X-axis, without 
changing the form of tho equations of motion, the following modified 
relations should be used : 8 


X 


= a (x — vt) 


y' = y ;z' = z ; t’ = a ( 


t 


vx 


where a = 


1/2 


, c being the velocity of light. 


for *' tT-S? - b .° at r ® st > the lfi ngth he estimates 

than the length * which the observer O' in motion estimates, since 


= a 


x ~ vt ~ V1 — o 2 /c* 

mi V- .'a* •ter..,, therefore, escribe. « 
cmwroct on to the me asurement m ade by the other in the direction of 

A . .. , . y . 1 ' An other words, a length d in the 

St ‘^‘"nowS^r" 0 ," r ”” > ‘ ion "” ai “ ’ & to 

Lorentt, thto contraction”* 1 ?^*°t.• ' Aooor ?,'»8 *» 

is the same for all bodies, whate^r bethS A* ^ f . m ?J ,on ? nd 
a property of matter. ** eir ^ ensit y , it is therefore 

“* ep.ee coorfln,,. S to involved in the £*£”'' 
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This contraction idea was used to account for the negative 
result of the Michelson-Morley experiment as follows -The time for 
the longitudinal journey is given by 



Replacing d by d (1 — v 2 /c 2 ) lf2 according to the contraction 
theory, 



since v is small compared with c. 




Thus motion through ether causes the shortening of that arm 
of the interferometer which is parallel to the direction of motion, 
the extent of the shortening being exactly sufficient to equalise the 
light paths, which explains therefore why there is no appreciable 
displacement of fringes. 


But this solution was considered by many to be purely a mathe¬ 
matical device, at the most an ad hoc hypothesis proposed to get 
out of a particular difficulty without any positive experimental con¬ 
firmation. In fact, Lord Rayleigh pointed out that such a deforma¬ 
tion of matter of purely electromagnetic origin should give rise to 
double refraction. This effect, however, sought for carefully by 

Rayleigh himself and then by Brace, was never observed. 

* 

The difficulties and anomalies encountered in the different solu¬ 
tions of the problem of absolute motion through ether should have 
suggested to scientists that the very concept on which the question 
wa,s framed might after all be wrong. This was exactly what occurred 
to Einstein and made him sujjpress ether altogether and thereby do 
away with the problem proposed. It may be noted that the nega¬ 
tive testimony of the experiments described above is merely the 
starting point and is in no way the basis of the new theory proposed 
by Einstein. 

EINSTEIN’S REVOLUTIONARY IDEA 

Einstein started with a radically new idea that motion through 
ether is a meaningless concept , while motion relative to material bodies 
alone has physical significance . This smashing of the time-honoured 
hypothesis of absolute motion had to be brought into alignment with 
the known laws of Optics. For this purpose he gave new interpreta¬ 
tions of time and space which completely revolutionised old, ideas 
and thus laid the foundation for his new theory of Relativity which 
was able not only to overcome the difficulties met with previously 
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in co-ordinating experimental facts but also to throw new light on 
all physical phenomena. ° 

The basic revolutionary idea of the theory is to be found in a 
new concept of time and space which was suspected by Lorentz but 
clearly stated by Einstein. In classical mechanics time was consi- 
dered as absolute, and universal and, in consequence, simultaneity of 
events also as absolute, independent of the condition of motion of 
the frame of reference. This was analytically expressed by the 
relation /' = /, where t and /' arc the time coordinates of a given 
event in two frames of reference moving relatively to each 
other, as we have seen. According to Einstein there is no abso¬ 
lute time, as time may be variable from one observer to another. 
Hence simultaneity cannot be absolute but relative onlv. Events 
which are simulljjie2U9_in one frame of reference are not so "when 
envisaged from another franrrrrf rTfbmice which is in motion re¬ 
lative to the first. In other words, each frame of reference has its 
own particular time. Therefore there is a time / for one system of 
coordinates and /' for a second system of coordinates in relative 
mo ion u ith i he first and t t. Unless we are told the frame of 
reference to which the statement of time refers, there is no meaning 

t?me1*7®*tune of an event. With the rejection of absolutf 
time and the equality between / and /', the distance between two 
points measured from two frames of reference in relative motion 

claLtTi 3 T a r- Y eX , preSSed h - v x and *' " ill no more be related by the 

SrsLtrs terns ** by *-■“ <—• 

,,r t £or Einstein, therefore, a physical “event” is never merely a 

where to somebody pfV° me ° f itSas P ects are manifested some- 
nere to somebody. furthermore, a physical event as a source of 

different ^“standpoints“ “?* t0 . h ‘ V ® ^ dat6S vvith aspect to 
»n,l future Hence p.„, p„ S e m fu ,„ re ; re !•' ?,?] 

are' meSgle^ " ' ime ’ ‘“ bso ' ut ' *P““ * nd *>»»'«<> ■»»•»« 

EINSTEIN’S THEORY OF RELATIVITY 

Relativity and (it) G^eraP Rdati^ity^ The °th Restricted 

formulated in 1905 to deal with uroblems r.f P r theol 7 | . waa 
motion, i.e., where one observer and^ m^c f unl . form ^etihnear 

Sniumtrtt n Vfl° City 1 th reSpeCt to "“econcfSr ve'r and 

With an accderatcH where one frame of reference moves 

is called ‘general rclativitv’*bpr- Fe atl T e . to tho ot,1er - This extension 
complicatfr accelerated motion 6 11 * S a PP licable with 

including the earth • its chiefs i •’ QS 111 * 16 case of heavenly bodies, 

2 _ b m earth , its chief achievement is the explanation of the 
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law of gravitation on a more refined and accurate basis than that 
given by Newton. We shall now outline the main features of the 
theory of Einstein under both aspects. 

THE SPECIAL THEORY OF RELATIVITY 

Fundamental postulates. The two fundamental postulates 
used in the development of the special theory are : — 

X * 

(i) The laws of physical phenomena are the same when stated in 
terms of two systems of reference in uniform translatory motion relative 
to each other . 

(u) The velocity of light in vacuum is a constant , independent not 
only of the direction of propagation but also of the relative velocity of 
the source and the observer . 


The first, which is a principle of equivalence , is a generalisation 
from a wide range of physical experience. It appears as a natural 
extension to all physical laws of the Newtonian principle of relativity 
which applies directly only to mechanical laws. All physical processes 
are based on the fundamental equations of mechanics. Hence, if the 
latter are the same with regard to all frames of reference that move 
uniformly in a straight line, the equation of all physical phenomena 
must follow the same principle of equivalence. There is no implica¬ 
tion, however, that this postulate is self-evident ; it has to be tested 
for its validity like the assumptions made in any physical theory by 
comparing predictions made by it with experimental facts. 


The second postulate affirming the constancy of the velocity of 
light as well as its independence from the relative velocity of source 
and observer appears to represent a simple experimental fact. Of 
course, the absolute constancy of the velocity of light cannot be 
directly verified by experiment, but it is implied in the very definition 
of simultaneity. As regards its independence from the relative 
motion of the source and observer the different experimental measure¬ 
ments of the velocity of light, such as Michelson’s rotating mirror 
method, Romer’s astronomical observations on _the satellites of 
Jupiter and Do Sitter’s work on variable stars, offer a physical justi¬ 


fication for its acceptance. ^ 

Of the two postulates, the second is the more important and 
more basic to the theory than the first. For, the theory departs from 
the classical ideas not through the first postulate of relativity but 
through the second, the constancy of the velocity of light. To 
pass from the coordinates which describe a physical event in one 
system to the coordinates which describe the same event in another 
system moving uniformly and rectilinearly with respect to the first, 
without violating in any way the principle of equivalence, the uni¬ 
versal constancy of light in both systems must be used. From such 
a combination of the two postulates there follows a series of very 
important deductions, such' as the futility of ether, the intrinsic 
quantum nature of radiations, the variation of the mass of a moving 
body with its velocity and the universal mass-energy relation. Before 
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we come to the consideration of these epoch-making discoveries, let 
us study the equation proper to the theory. 

The equations of special relativity are readily obtained by 

considering the relation between the place and time of individual 
events referred to two systems of coordinates in uniform rectilinear 
motion with respect to each other, adhering to the principle of equi¬ 
valence and the constancy of the velocity of light. 

Let S and S' represent two coordinate systems and let S' have 
a uniform translational velocity v relative to S (Fig. 165 — Cf. p 382 
Any event P, wherever it might happen, is determined by the co- 
r linates x , y, z , t for an observer O on the system S, while the sa^ne 
event is determined by the coordinates x' t y\ z' , t' for an observer O' 
on the system S'. For simplicity, let the axes of the two systems be 
so chosen that their X-axes coincide permanently and let the event P 
be localised on the X-axis so that it can be represented simplv by x , 
t with respect to S and x\ t' with respect to S'. Let the time be 
counted from the instant when O and O' momentarily coincide. The 
event P that is chosen is a light signal produced at zero time when 0 
and 0 coincide. Considering the positive direction of the X-axis, 
this signal is transmitted for the observer O on the system S accord¬ 
ing to the equation x — cl = 0 (c being the velocity of light), since 
alter a time t the signal would have reached a point + ct from O. 

For the observer O' on the system S' the same signal is trans¬ 
mitted according to the equation x f —■■ ct' =0, since the velocity of 

light is constant, hence the same for both the systems according to 
the second postulate. 6 

For the same event to satisfy both the equations, 

x' — ct' = A (x — ct) 
where A is a constant. 

Similarly considering the negative direction of the 

x' + ct* — a (x + ct) 
where y is an another constant? 

Let us solve the two equations for x' and t\ 

Adding (1) and *(2), 

2x = (A + p) x — (A — y) ct 

t.e., *' = * _ ( A - «) 

2 2 01 

Putting — t ** a and _ b> 

x* = ax — bet 
Subtracting (1) from (2), 

/ . ^ = + M) ct — (A — ft) x 


...( 1 ) 


X-axis 


...( 2 ) 


...(3) 
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*- 6 - Ct' = act — bx 

t' = at -— 

c 

The relative velocity v of the system S' with respect to S 
obtained by putting *' = 0 in (3), 


...( 4 ) 


can be 


* * 



This quantity x/t gives the velocity v of S' with respect to S since 
atxer a time t the system would have travelled from 0 to a distance 

X vt. 


The substitution of t — 0 signifies judgement from S about 
distances measured in S', white the substitution V =0 signifies 
judgement from S about distance^ measured in S, since time is 
counted from the moment the origins O and O', where the observers 
in the two systems are stationed, coincided. From equation (3) for 


x f — ax or a x' = a , ax 

If Ax' = 1, a.t = 1/a ...(6) 

Hence two points separated by a distance Ax y = 1 as measured in 
the system S' will appear from S to have a separation a# — 1/a. 

From equation (4) for t* = 0 

act — bx 

, bx av x ( av 1 

1 ~ ac = r • ITc j Smce 6 = T fr0m (5) I 

vx 

= 


Substituting this value of t in (3) 

, av vx 

x — ax — — . c. — 

c c 2 

ylZ 

— ax — ax . 

c 2 
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This means that two points separated by a distance a# = 1 as 
measured in system S will appear from S' to have a separation 

AI . = a ( 1 --£) 

Now, on the principle of equivalence contained in the first 
postulate, since the length of a measuring rod at rest with respect to 
S', as judged from S, will be exactly the same as that of the rod at 
rest with respect to S, when judged from S', the two values of 
separation derived above must be identical. 




i 



Substituting this value of a in equations (3) and (4) we get 






In the general case where the light signal is not restricted to travel 
along the X-axis alone, the above relations are further supplemented 
by V = y* and 2 = 2 ' since the y- and z-axes of the two systems in 
relative uniform motion are parallel. Thus we obtain the funda¬ 
mental equations of relativity : 


x' — a (x — vt) 

y’ = y 

Z # — 2 
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(f) These are known as Lorentzian transformation equa¬ 
tions t Lorentzian because Lorentz had already derived the very 
same relations in connection with electromagnetic phenomena but 
they are obtained here on a more general dynamical basis ; transfor¬ 
mation equations because they enable us to transform the equations 
representing natural phenomena in one system into equations des¬ 
cribing the same phenomena in an3 T other system which is in uniform 
rectilinear motion with respect to the first. When the coordinates 
of a given event in one system is given the coordinates of the same 
event in the other can be readily deduced by the use of these equa¬ 
tions. Supposing, for instance, the coordinates in tbe system S' 

are given, we can find those of S solving equations (11) for x, y , z 
and they are 


x = a (x' + vt') 




( 12 ) 


e see that equations (12) are of the same form as equations (11) 
except or the sign of v. This means that with respect to the system 
the other is moving with a velocity — v , as is to be expected. We 
ave therefore reciprocity between the two systems. The change in 
the sign of v leaves the form of the equations intact. 

(u) Comparing these equations with those of classical mecha¬ 
nics, viz. , x ~x vt , y* = y t z* = z, t* = t we see that x — vt must 
be multiplied by a to get the value of x* in the relativity equation. 
When however v is very small compared to c, then v 2 /c- is negligible, 
so that a = 1 and the relativity equation is reduced to the classical 
one. Hence, the modifications introduced by relativity becomes con¬ 
siderable only for very great velocities. 


In the relativity equations the time V of the second system is 
not the same as that of the first, except when v becomes very small 
compared with c ; it depends not only on the velocity but also on x 
the abscissa in the first system. Hence, according to Einstein’s re¬ 
lativity theory, events which happen in the same placed different 
times as viewed from one system may be seen fro m another system 
to happen at different 'places as well. Similarly a difference-in spacial 
position with respect to one system may correspond to a difference 
in both space and time with respect to another. Thus a space differ¬ 
ence can be converted partly into a time difference and vice versa by 
a mere change in the frame of reference that is used. For this reason 
space and time are considered as two intimately connected aspects of 
a four-dimensional ‘space-time’ continuum 

r 

In the equations v must be less than c, otherwise I 1 — 

becomes imaginary. Hence in the theory no body can move with a 
velocity greater than that of light. 
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m) Relativity of time. The most remarkable* consequence 
of the transformation equations is the fact : t ^ t. In ordinary 
language, this means that clocks in the two systems run at a here 
rates. Let an observer in an aeroplane travel with a velocity v along 
the positive direction of the X-axis (system S'). Another i < * at 

rest (system S) finds that the journey takes a time t as measured 
according to his own time scale. To find the time t of the same 
journey for the observer on the plane, taking the relation 

( vx \ 

we put x’ — vt since it is the distance travelled by the plane for the 
observer at rest in time t. 



V < t. 

J lence there are two proper times , one for the observer at rest and the 
other for the observer in motion in the plane. The time of the same 
journey is greater for the first than for the second, which means that 
the movement of the plane appears slower for the observer at rest 
than for the observer in the plane. Since a involves only v 2 the above 
conclusion is independent of the sign of v t i.e., the opinion is recipro¬ 
cal ; observer in each system will think that the other’s movement is 
slow. Hence the common statement that a moving clock goes more 
slowly than a stationary one. If v = c, a = oo , in which case to the 
observer at rest the movement of the plane will appear infinitely 
slow. Since the value of a reaches infinity for v = c it is not possible 
for v to be greater than c, t.e., no body can move with a velocity 
greater than that of light. 

These consequences of the theory concerning time, which are 
ordinarily alluded to as time dilatation , bring out clearly the relativity 
of time, i.e., time can never be measured absolutely but only relati¬ 
vely. Lorentz in his electromagnetic transformation equations also 
‘showed that t' ^ t and that relatively moving systems have different 
times, each one its own proper or local time ; but with him relative 
time was only an artifice to simplify the calculations, whereas with 
Einstein it became a physical reality. 

(tVj Relativity of simultaneity. Considering two events fixed 
by (x lt y lf z {y tj) and (x it y 2 , z 2 , t 2 ) happening in the system S their 
times of occurrence in the system S' are given by the transformation 
equations 

'■=»(■.- •?-) 
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Supposing now that the two events are simultaneous in system S, 
tj to, but x 1 zfz x,. Hence i ^ zfz t' 2 which means that the same two 
events are not simultaneous when observed from system S’. The 

concept of simultaneity, therefore, like that of time, has onlv a 
relative and not an absolute meaning. 


(/•) Relativity of space. From the equations of relativity it 
can be shown that length also, like time, is not absolute but relative. 
Let a rod be carried in S’ along the X-axis and let it be at rest there. 

H x j and x 2 are the abscissae of the ends of the rod, then the length 
l of the rod in S' is given by 


V = z \ - z\ 

i*ow let an observer in S measure the length of the rod when S’ 
is ui'motion with a velocity /: with respect to S. If x x and ^ are the 

aqscissae of the ends of the rod at a time t of this system the length 
ot the rod l for him is given by 

l — ,i*2 — 

Using the transformation equations 

x > = a (x 2 — vt) 
x'i = a (,r t — ri) 

V = x' 2 — x\ = a (x 2 — x t ) = id 
l < V , since a — 1 / — —!^ 

Thus the length of the rod for an observer in S is less than that 
for an observer in the system S’ which is in motion. In other words, 
for an observer who measures the rod in motion it appears shorter 
than for an observer who measures it at rest. The amount of shor¬ 
tening is in the ratio \/a or (1 — v 2 /c 2 ) l/2 which is the same as the 
Lorentz-Fitzgerald contraction with the difference, however, that it 
is derived here not merely based on electromagnetic properties of 
matter but dynamically holding good for all matter. Further, accord¬ 
ing to Einstein^ the contraction is not an absolute property of matter 
in motion as Lorentz thought, but arises due to the different ways in 
which the observers define simultaneity. Since v % occurs again in 
the formula for contraction, the contraction is reciprocal , t.e., if 
two identical rods are at rest one in S and the other in S' each of the 
observers finds that the other rod is shorter than the rod-of his own 
system. When v = c, Z = 0 and the rod in motion with a velocity c 
appears to have contracted to a mere point, t.e. f its length becomes 
zero which is clearly impossible. This again shows that no moving 
material body can over attain the velocity of light. Herein lies the 
fundamental difference between matter and radiation, since the latter 
has actually the velocity of light. 

The contraction takes place only in the direction of motion : there 
is no contraction in the directions perpendicular to it- Hpnce, for 
instance, if a sphere is carried by an observer in motion it wffl appear 
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as an ellipsoid for an observer at rest. Thus space, which is reduced 
to a measurement of length in Physics and the geometrical shapes o 
objects cannot be absolute but only relative, according to the theory 

of relativity. 

It may be noted that since the transformation equations of 

relativity lead to a contraction of length identical with that of 
Lorentz and Fitzgerald, the theory of relativity can explain the 
negative result ot Michelson-Morley experiment. 

(?;t) Addition of velocities* The transformation equations 
lead to a relativistic formula for the addition of velocities different 
from that of classical mechanics. 

Considering the two systems S and S', the velocity of a body 
in them can be expressed as follows : Let the body move through a 
distance dx in time di in the system S and through dx in time dt' in 
the system S'. Then 


dx , dx' 

— — u ana -r-r 
dt dt' 


u 


From the transformation equations (1 -), 

x = a (x' + vt') 

vx' 


t = 


alt' 




) 


Differentiating, 


dx — a (dx + vdt') 


dt = a 



.+ 


vdx' 


r) 


dx 

dt 


dx' + vdt' 
vdx' 


dt' + 

dx' 
dt' 


c 2 


-f v 


1 + 


V 


c 2 


dx' 

dt' 


t.e. 


u = 


u' + V 


1 + 


U V 


This is the relativistic law of addition of velocities whereas in classi¬ 
cal mechanics it is simply u — u* t?, since v is the relative velo¬ 
city of the two system8. The former is reduced to the latter if v or 
u' is small as compared with c. 

The relativistic law of addition of velocities leads to a very 
important conclusion about the velocity of light c. In the above 
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relation in order that u may be real, u and v must be both less than 
c. If we put u ' = c, then 



v + c 

.—_ 



V + c 

y + c 
c 



. This means that if the velocity of the body u' as measured in 
S is the velocity of light c, the velocity of the same particle as 
measured in S is also c. Hence the velocity of light is an absolute cons¬ 
tant independent of the velocity of the system of reference , which is the 
second postulate of the theory. 


. If \ve put?y= c, then also u ~ c, which shows whatever be 

G _X e *ocities which are combined with c the resultant is always 

c. The velocity of light therefore is the maximum velocity attainable 

in nature ; it enjoys, in relativity, a position akin to infinity in 
Mathematics. 


* possible to satisfactorily explain Fizeau’s aberration experi¬ 
ment which appeared to be in favour of partial ether-drag theory by the 
relativistic law of addition of velocities as follows : If we take u f as 
t e velocity of light in water of refractive index ft then u r = c/ft. If 

v v r ^P rese ^ts the velocity of the moving water and u the velocity of 
light in the moving water in experiment. 



__, v v % 

t* y* yc 

Neglecting r 2 /fic, 

u= 

f* >> #»• l 

— u' + kv, where k = 1_-_ *** ~ j; 

a 2 i ii 1 

This was precisely the expression obtained by Fresnel and experi¬ 
mentally verified by Fizeau. 

Thus Einstein s theory has been able to reconcile the different 
conflicting theories and experiments regarding absolute motion 
by simply denying all absolute motion in nature and accepting, 
instead, relative motion alone. Hut its greater achievement lies in the 
marvellous conclusion it has led to as regards physical phenomena 
and laws on the universal scale. We shall now proceed to study 
these results. 
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IMPORTANT CONCLUSIONS OF THE SPECIAL 

THEORY OF RELATIVITY 

l Futility of ether. The proposed theory, at least indirectly, 
does away with the time-honoured classical frame of reference, ether, 
with respect to which bodies were considered to be at rest or in 
motion. The existence of ether has for long remained a necessary 
axiomatic assumption in the explanation of all natural phenomena, 
such as gravitation, propagation of energy in vacuum, electric ami 
magnetic fields, etc. in which there is apparently action at a distance 
But it had to be defined by the exigencies of the circumstances and 
in consequence often resulted in glaring contradictions. Thus, ether 
was supposed to be tutct than the most taicjicd (jus , which pcnctrat.ee 
all matter and did not offer any resistance to the propagation of 
light waves and motion of material bodies. At the same time, it 
had to bo the most rigid solid to accoui t for the transverse nature of 
the light waves demanded by the phenomenon of polarisation. Hence 
it appears to be endowed with intrinsic properties which are contra¬ 
dictory. Such an ‘ether* medium was the life-centre of Fresnel s 
elastic solid theory of light waves. Maxwell’s electromagnetic theory 
of radiations, dispensing with the elastic solid idea and considering 
light as a result of quick alternate electric polarisation in the medium, 
minimised the difficulty to some extent. 


Einstein, however, was impressed by the fact that Maxwellian 
electrodynamics, as originally interpreted and applied t led to asy m¬ 
metries which did not show thesmelves in any observation. Reflec¬ 
tions such as these, combined with the insoluble problem concerning 
motion in ether, led Einstein to first reduce ether to a mere shadow 
and ultimately ignore it, adopting as a fundamental principle that 
relative motion alone determines the nature of all the phenomena 
observed. 


- It may be noted that Einstein has nowhere directly denied 
the existence of ether ; he has left this problem an open question, be¬ 
ing satisfied with the fact that all natural phenomena can be ade¬ 
quately explained without the intervention of ether. There are some 
physicists who are still inclined to admit the existence of ether for 
the following reasons : — (a) If such a medium does not exist one 
shall be forced to accept action at a distance in order to explain 
physical phenomena. This difficulty, however, can be answered 
if we remember that in the theory of relativity ‘action' and ‘dis¬ 
tance* have lost much of their original absolute significance, because of 
the impossibility of synchronising time at two distant points, {b) In 
general relativity, the gravitational field is considered as a deforma¬ 
tion of space which would be meaningless if space is totally empty 
without physical properties and in that sense ether exists. But the 
gravitational field of the general theory is a deformation not of space 
alone but of a space-time continuum , which is something quite differ¬ 
ent from space or time considered Separately. 
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e\istpn!l“ ",r <lk + 7 tSS ° f tho °I’ ini .? n of thcse scientists who uphold the 

fimllv ol.li o it, ap AT rS St ’ H , further h * the fect that they are 
dowod u f i adm, . that , .‘*f ther must ™>t be considered as on- 
as rn - S 10 P ro Pertics which characterise ponderable media, i.e.. 

Of r \ can be followed in time - that the notion 

m 'f be applied to it and that it is therefore something 

toln’ r' g ’ " lth0ut the P^Perties which are attributed 
S r Jo f J' 0,Kl 7\ b o . matte r ” lt is of biterest to note that 

t tba J elec j troraa gnetic waves are similar to waves in a 

of the e ^ ier * s a c as * He even gives the velocity 

* the particles of this ether as 4 3 x 10 10 eras, per sec. 

omissil ^ nSiC T™ tUm natur .e of radiations. With the 

elusion f II ° <2^ 1U ^ 16 ^ boor y of relativity, another important con- 
cE| f ° '°!l concerning the intrinsic nature of radiations. The 

romnrh>lin' ,leVV considering them as perturbations in ether had to be 

eles rif ^n Q ° n ll 6 i W ^ nes * Radiations came to be considered as parti- 
thnt 1 er Sy> wuch propagate in absolute vacuum with a velocity 

thfHrV!!? 611 * + ^°^ on physical properties of the medium but upon 
howpvAp^J f rin sic nature, i.e., upon their energy content, which is, 
rp.. 1 a unc tion of the constant, standard the velocity of light. 

theor? W f CO , nC ^ P !l 10n 1 of ra, diations is forced upon us not only by the 

rarlfi? f b - Ut a 80 by the observ ed facts of black body 

retina] 01 *’ ? °^ e ^ ec ^ r ic, Compton and Raman effects and theirtheo- 

we Qhoit Xp a P a l ^n by Planck’s quantum or corpuscular theory as 

tinna SCe in u ^ be nex ^ chapter. It may be noted here that if radia. 

are t0 p e considered as particles of energy the commonly 

c ™ s l ml fastinction between matter or mass and radiation or 
energy has to be given up 


^ r the electromagnetic theory. Although the 

leory relativity leads indirectly to the new quantum conception 
01 rauiation by its ignoring ether, yet it does net deny the validity 

a 1 it aW ^ e ^ e ^ rorna g^ctism. In fact, it leaves electromagnetic 
* 6 + ( u* WS a j ^ be y stand, unlike in the case of mechanics. This 

is o expected, since the theory of relativity actually developed 
ou o experiments, on light which forms part of electromagnetic 
p enomena. What is of great interest is that the new theory envis¬ 
ages together both {he corpuscular and wave aspects of electro¬ 
magnetic radiations. As regards the wave aspect, it introduces a 
urt er refinement by considering the distinction between the electric 
ami magnetic fields as a relative one, depending upon the frame of 
re erence employed. This conclusion can be readily established by 
means of the following simple consideration. An electric charge at 
rest in a system S will produce, as observed in that system, onty an 
e ec rostatic field. But to an observer in another system S\ in motion 

relative to S, the same charge will constitute a current-element 
accompanied by a magnetic field. 

1 . Variation of mass with velocity. According to the 

classical Newtonian dynamics, the mass of a moving body is constant 
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independent of its velocity. But the 

very"different conclusion, viz., the variation of mass m 1y ’ 
which an expression can be derived in a simpte manner as h»|lo ; 

Let us suppose that in system S' two bodies of.equal masses m ^ 

veiling with velocities u' and ^simplifying assump- 

after collision coalesce into one body. Tins is a s,m P 1 ‘ I > «j , , h 

tion but the formula derived with it can be shov n relativity 

sions of any type. The definition of momentum of a body in rclati tj 

is the same as in classical dynamics, •». mass x velocity. I |™’ 
the principles of conservation of mass and of momen 
Hence, according to the principles of conservation of mass the ma 
of the coalesced bodies after collision is equal to 2 m . Andsowr 
ing to the law of conservation of momentum the coalesced bodies ar 
at 1 rest in S', since their velocities before collision are equal and 
opposite. Let us now consider how this impact experiment appears 
to an observer in system S. The velocities u and - u transform, 
according to the law of addition of velocities, into and w a given bj 

... ( 1 ) 


u x = 


u' + V J .. — u ' + v 

— -L— and u 2 =- -ttt 

U V U V 


1 +■ 


1 - 


Let the mass of the body travelling with velocity u x be m l and that 
of the body with velocity u% be m 2 . 

After collision the coalesced bodies travel with the velocity v 
with respect to S, since they are at rest in S . 

Using again the principle of conservation of momentum which 
holds for all frames of reference 

m x u x + m z u 2 = {m x + m 2 )v •** (2) 

Substituting the values of u x and u % given by (1) in equation (2) we 
obtain 


mi 

m 2 


1 + 


u'v 


1 


u'v 


... (3) 


From equations (1) it can be proved that 

u'v 2c* — uf — u — 2\/ (c 2 — uf) (c 2 


V) 


Uy - U 2 


8 


Substituting this in (3) we get 


m 



u 


c 


m 


V 1 ^ 


... (4) 


If the body of mass m . is moving with zero velocity in system S 
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before collision so that u 2 = 0, then 



Now both bodies have the same mass when moving with the 
same velocity, so that the above equation means that m 1 is the mass 

of the body when it is moving with velocity u x and m 2 its mass when 
its velocity is zero. In the commonly used notation, 


m 1 = m, 77i 2 m Q and u x = v, 


so that 



* * * 



This is the relativistic formula for the variation of mass with 
velocity. is called the rest-mass, i.e. 9 when the body whose mass 

is measured is at rest relative to the observer ; m is the effective mass , 
i,e., the mass of the body when it is moving with a velocity v with 
respect to the observer. Hence as far as the observer is concerned, 
masses on any moving system appear to increase with. velocity, 
becoming infinite when v attains the velocity of light c. This indi¬ 
cates that c is a limiting velocity unattainable by moving material 
bodies. When v is small compared with c, t> 2 /c 2 becomes negligible 
and the mass of the body remains sensibly constant, as postulated 
in classical mechanics. The refativistic law relating mass and velo¬ 
city has been directly verified by the experiments of Kaufmann, 
Bucherer and Guye and Lavanchy on high speed electrons. (Cf. pp. 
357-62). Many other observations also have definitely confirmed its 
validity. 

5. Mass-energy relation. As a final step in the deductions 
from the theory of relativity, one can arrive at a very important 
universal relation between mass and energy as follows :_ 

As in classical dynamics, energy may be defined in terms of 
work which is force multiplied by displacement. And force, being the 
rate of change of momentum, is given by 

v _ d ( mv ) 
dt 


But since both mass and velocity are variables in the theory of 
relativity, 



^ u PP 0S ^ n S force F acting through a distance dx raises the kinetic 
energy by dE, then 
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Since v = 


dx 

dt 


dK — mvdv + v 2 dm 




The relativistic law of variation of mass with velocity 

m = m 0 / (1 — t; 2 /c*) 1;£ 

may be written, squaring both sides, as 


or 


m-c 


2*2 


m 


m 2 v 2 


m 0 2 c 2 
c 2 — v 2 


o a 

m 0 z c- 


Differentiating this expression we get 

c 2 . 2mdm — v 2 * 2mdm — m 2 .2v£v = 0 

since c and m 0 are constants, while rn and v are variables. 
Dividing throughout by 2m 

c 2 dm — xr dm — mvdv = 0 


or 


* • 


mvdv + v 2 dm =r= c a dm 

i- 

dE = c*dm 


***( 2 ) 


When a body is accelerated from rest to a velocity v t its mass 
increases from to wi and the total kinetic energy acquired is 
obtained by integration of the above expression. 


f" E = 


m 


E = 


j c a dm — c 2 (m — m 0 ) 


m 


E — c 2 (m — m 0 ) 


l is the ^ctuating_ 

. —-__ -- — out the hint that 

what we have called the rest-mass m 0 has to be understood as an 

internal store of energy in the body. Since the total energy W 

possessed by a moving body is made up of the kinetic energy of 
motion and the stored up internal energy, 1 

W = E + w 0 c 2 = (to — rn 0 ) c J -1- m 0 c" 

**• W = me 2 •••(4) 

(t) This is the famous Einstein's mass-energy relation which 
s a es a universa^ equivalence between mass and energy , unknown in 
c asstca^ ynamics. * Although classical physics was able to arrive at 

LiW* i* 8 ^ n ^ esi ® t '^ ie different forms of energy—mechanical 

1 ^ nd kmetlc }> the J mal » H g h t, electric and magnetic—by the 
p cip e o.l conversation of energy and the convertibility of one form 

l* 1 * 0 an ^ °^^ er » yet it always maintained a clear-cut 
thinfy f„Jri 6 mass and energy, considering the former assome- 
nprtv of a t0 ? na j^ er an d the latter as a mere transitory pro- 

theorv nf ac ^Rired essentially by motion. According to the 

y ivi y, this rigorous d ? iferentiation between mass and 
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energy is removed and a universal relationship of equivalence bet¬ 
ween them is proved to exist. Thus a remarkable synthesis is achiev¬ 
ed b\ T the unification of two distinct classical principles of conserva¬ 
tion of mass and of energy into a single principle of mass-energy 
equivalence. 

(?i) The, theory of relativity therefore ascribes mass to all energy 
and energy to all mass, an energy W being equivalent to mass W/c*. 
Every change in the energy of a body involves an alteration in its 
mass. This is true for any kind of energy, potential, kinetic, radiant 
or electromagnetic. Thus, for instance, a wound watch spring has a 
greater mass than when unwound ; a rapidly rotating fly-wheel has a 
greater mass than when it is at rest ; a bod\’ which emits radiation 
should be reduced in mass, while one which absorbs radiation should 
increase in mass. All these conclusions are untenable according to 
classical ideas. The variation of mass under ordinary circumstances 
ie, however, negligibly small on account of the large value of c 
involved in m = W/c 2 . This explains why the relation was not dis¬ 
covered by direct experiment and at an early stage. Conversely, to 
a small change in mass would correspond a comparatively large 
change in energy on account of the factor c 2 in W = me*. 

In this relation replacing m by m 0 / (I — f^/c 2 ) 1 / 2 and develop¬ 
ing the root in series, vve get 

1 3 v 4 

W = wt 0 c 2 + m u v* + —- «? 0 . 

The first term (w 0 c 2 ) represents the energy corresponding to the rest- 
mass m 0 , i.e. y an inte rnal storo of energy. The other terms represent 
the kinetic energy, i.e., the energ} r of external motion. For small 
values of v the terms higher than £ m 0 v 2 can be neglected, in winch 
case we see that the kinetic energy given by relativity is identical 
with that recognised by classical mechanics. Hence the theory 
becomes important only for large values ofv. 

(Hi) Experimental verification of the mass-energy relation. The 
chief merit of the mass-energy relation lies in the fact that it is ex¬ 
perimentally verified for all types of energy. This, in turn, estab¬ 
lishes the validity of the special theory from which the relation is 
deduced. We shall therefore indicate how the relation can be put to 
experimental tests. 

(a) Potential energy . Regarding potential energy the relation 
is verified exactly in nuclear transformations. The accepted modern 
explanation of the deviation of the actually measured mass of iso¬ 
topes from whole numbers is that these discrepancies called mass- 
defects are due to the energy liberated or absorbed in the formation of 
nuclei from constituent eicmentary particles. Again, in the case of 
artificial transmutation of elements, introducing the mass change 
into the equation of transmutation as an energy change, additional 
to other usual energy changes, has led not only to an adequate 
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oIr^./° n °^ th t e nuc 'f ar reacfc ' or& actually studied but also to the 
/l/,/. PTf^ 101 ? of other Probable transmutations. The latest ex- 

hSivv ‘atn 6 deve, u pment of the 0lom bomb - For, nuclear fission of 

f °"? S ?* si « p™* 1 * »f °i>« Sit 

can be shown to be governed by the relation W = me*. 
of thoMnSHnwgr"' The “P™" 1 *"** 1 "na«tion of the relation 


E = 


rn 0 c 


1 


1 


, VI — v*jc 2 

is had in a rather indirect wav. The relnfi^n , 

variation of mass with velocity Hence, if the latter li:. 

m — m olV 1 — vt/c* 

is verified, the former will also get established Ti ,- a • 

the change of the mass with velocity can be tested inlv withh 

are readily had w “hh?ght/K g th f ° f ^ ht ' Such bodies 

how Bucherer .£ £&•*£ IteZliZ ,‘S ““ 

crease of naigss of electrons with velocity Snectrosconic at,/- ln ' 

£K^tS‘„ u „T fi r^ 

elliptical orbit, of the electron, round tl.^uchL' and 't’L'l'el.'t 
eorr.a.on for the change |„ velocity of such e£™S 

relation^ £*& “"f of Si t ***£ “»««» 

and cosmic royl areTbsortS fSt.t^nd^eT’ 

as clearly evidenced by ‘cosmic rau shower*- jl ctron -P osltr on pairs , 
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(d) Electromagnetic energy. As we have already seen, J. J. Thom¬ 
son established, on the basis of the classical electromagnetic theory 
itself, that the moving electron has a mass solely by virtue of its 
charge* Now since a moving charge has associated with it an 
electromagnetic energy we may conclude that the latter is equivalent 
to a mass. 

Thus the mass-energy relation, the final fruit of the special 
theory of relativity, is verified for all forms of energy. The impor¬ 
tance of this relation is indeed universal and its applications wide 
and varied. Whether it be in purely theoretical physics or in applied 
science the mass-energy equation finds a very important place. 

THE GENERAL THEORY OF RELATIVITY 


Special relativity deals with S 3 'stcms in uniform rectilinear 
motion which are known as inertial systems, i.e., systems in which the 
law of inertia holds good so that a body not subjected to force re¬ 
mains at rest or in uniform motion. According to Einstein's theory, 
in all such systems the physical laws have the same form. This 
principle of equivalence is extended in general relativity to systems 
moving in any way, even with accelerated velocity and, in particular, 
to a special case of accelerated motion which is involved in the 
simplest and most universal of physical phenomena, viz., gravitation. 
According to classical mechanics the difference between a body mov¬ 
ing with uniform velocity and a body having accelerated motion lies 
in the fact that, in the latter case, forces of inertia come into play* 
Thus when a body is started or stopped suddenly , a jerk is felt ; this 
is because, owing to inertia, a body at rest tends to remain at rest 
and a body in motion continues to be in motion, so that such bodies 
oppose any change in their actual state. Similarly the centrifugal 
force due to rotation is also an inertial force. In these cases where 
inertial forces are acting the motion can be detected by experiments 
performed in the system. Hence, acceleration was considered as 
absolute. But Einstein generalised the principle of relativity so that 
it applies even to accelerated systems, and acceleration, in consequen¬ 
ce, need not be. considered absolute. 

Coming to the particular case of acceleration due to gravity, the 
classical conception, of gravitation presupposes action at a distance 
and postulates the existence of a force of attraction between materia 
bodies. Eor instance, a mass, such as the earth or the sun, is 
surrounded by a space in which there is a latent force ready to ac 
upon and produce movement of a body that penetrates into t a 
space. In consequence, the body falls towards the mass, as if attrac 
ted by it. This power of attraction exists permanently in tic 
space near the mass even if there is no body manifesting its exist* me. 
The region of space surrounding a mass thus constitutes the gravi a 
tional field which imparts a uniform acceleration known os i 
acceleration duo to gravity to all bodies located in that field. ^ _ 
mass seems to act at a distance since the attraction is exerted ev 
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through vacuum where there is no ponderable matter, as for exam¬ 
ple, in the case of the sun attracting the planets. 

With the introduction of ether, the difficulty arising from this 
action at a distance was minimised but not wholly removed, since 
ether brought in its wake other more serious difficulties which could 
not be easily explained. General relativity gives altogether a new 
interpretation of the phenomenon of gravitation, where action at a 
distance completely falls out of the picture. 

Principle of equivalence. Einstein started with the revolu¬ 
tionary idea that the classical picture of a gravitational field is 
artificial, since it is possible for an observer not to detect such a field 
at all by choosing a suitable frame of reference. For instance, con¬ 
sider a stone attached to the end of a string and whirled round, the 
stone moving along a circular path. We know that a tension is 
developed in the string called the centripetal force. To an observer 
on the stone there is a repulsion called centrifugal force equal and 
opposite to the centripetal force, while to the one who is whirling 
the stone there is no such centrifugal force. Einstein saw that 
this apparent repulsive force is due to the curvilinear motion of 
the stone and he extended the idea of such curved motions to a sort 
of curved space in order to explain gravitational force. He then 
generalised these facts into what is known as the principle of equiva¬ 
lence, according to which the effects of a gravitational field are pre¬ 
cisely the same as those due to uniform acceleration of the material 
frame of reference relative to which the phenomena are observed, 
this acceleration being equal and opposite to the acceleration which 
the gravitational field would give to a particle in the frame. Hence, 
there can be no difference between a stationary gravitational field 
due to attracting matter and the field due to uniform acceleration of 
a frame of reference moving outside all gravitational field, provided 
its acceleration is equal and opposite to the acceleration due to gra¬ 
vity, so that one can be replaced by the other. 

This principle may be illustrated by the following simple 
example. Imagine an enclosure, from which nothing can bo known 
of what goes on outside it, falling freely under the action of gravity . 
To an observer within it bodies put anywhere and left to themselves 
would float just at that place ; a horizontal projectile would trace a 
straight line ; bodies would have no weight; thus all traces of gravi¬ 
tation would have disappeared for him. A gravitational field can 
therefore be suppressed by a system such as the enclosure having a 
proper acceleration. Conversely, suppose the same enclosure is out¬ 
side all gravitational field , at an infinite distance from any mass, 
pulled up by a rope and kept in uniformly accelerated motion, the 
acceleration being equal to that of gravity. For an observer within 
it everything would take place as if he w'ere in a gravitational field ; 
bodies would fall with respect to the enclosure in accelerated motion, 
the acceleration being the same for all and equal to the acceleration 
due to gravity ; bodies would therefore have weight ; a horizontal 
projectile would no more travel in a straight line but along a parabola. 


404 


FUNDAMENTAL CONCEPTS OF ATOMIC PHYSICS 


A gravitational field can therefore be imitated by giving to a system 
of reference an acceleration equal and opposite to that of the field. It 
must be noted, however, that only a uniform field can be replaced 
fully by a single system of reference. This is possible only in a small 
region of space. Considerations over larger regions lead to varying 
fields and no single reference system will now be sufficient ; botli 
accelerated and non-accelcrated systems would have to be used and 
the problem gets extremely complicated. 

The 'principle of equivalence explains why the inertial mass of a 
body is equal to its gravitational mass. The inertial mass is a coeffi¬ 
cient which measures the resistance of inertia of the body opposing 
the action of a force. If the acceleration given to a body by a force 
F is a then its inertial mass is the ratio F/ot = m. The gravitational 
mcios is a coefficient which determines the' force of attraction expe¬ 
rienced by a body in a gravitational field. The weight of a body of 
mass m is w ~ mg. It is found experimentally that w/g = m. The 
inertial mass is therefore equal to the gravitational mass. The same 
property of a body maniiests itself according to circumstances as 
inertia or as gravity. The force of gravity is ultimately a force of 
inertia. For a body in space, either there is a state of accelerated 
mot ion and no gravitational field or the body is at rest in a gravita¬ 
tional field. It is impossible to distinguish between a field of force 
due to inertia and a field of force due to gravity. 


The principle of equivalence is found to hold good for electrical and 
optical phenomena as well. Thus, for instance, in the case of a ray of 
light propagated rectilinearly with respect to a system S of uniform 
motion it is possible to show that the path of the same ray of light is 
no longer rectilinear, considered in relation to a second system S' of 
accelerated motion. From this it would follow that, in general, rays 
of light are propagated curvilinearly in gravitational fields. 

The relativistic law of gravity. On the basis of the princi¬ 
ple of equivalence, Einstein has mathematically derived a law of 
gravity more accurate than that of New'ton. Although the deriva¬ 
tion of this new law of gravitation involves a- very advanced know¬ 
ledge of mathematics of what is known as tensors, we might 
indicate qualitatively the main lines along which the problem was 
tackled. 


Minkowski’s four dimensional space-time continuum is 

the starting point in the evolution of Einstein s general and gravita¬ 
tional theory. Minkowski, utilising the principles of the special 
theory of relativity and the four dimensional geometry of Riemann, 
was able in 1908 to arrive at a new concept of a four dimensional 
space-time continuum which may be regarded as a geometrical inter¬ 
pretation of the special theory. 

After Gauss in 1827 had developed a general theory of surfaces, 
Riemann in 1854 showed how our usual three dimensional Euclidean 
geometry may bo regarded as a special case of a more general 
four dimensional geometry in which space is curved. Moreover, as 


general relativity 



Riemann himself recognised, what holds for three dimensi S 
metry should also apply to geometry of any number of dimension. 

Minkowski made use of the four dimensional geometry m .. 1 

with the special theory of relativity as follows . 

Any event in any frame of reference S can be represented by the 
four coordinatas x, y, z, t. If the same event is observed from another 
frame"S' moving with uniform velocity v relative to b along tne 
X-axis and coinciding with S at t = t = 0, its coordinates in wi 
be x' y' z ' t satisfying the equation 

x 2 + y 2 + z 2 — c 2 t 2 = x 2 + y 2 z 2 c 2 t 2 

Minkowski reflecting on the form of this equation argued that 
we may treat the square oi the product of time and velocity of lig t 
taken along with the negative sign, i.e., ( — c 2 t 2 ) and ( — c 2 t'-) as the 
square of the fourth coordinate in the four dimensional geometry, in 
order that the four coordinates may have the same sign, it is 
necessary to replace ( — c 2 t 2 ) by ( + w; 2 ) and ( — c 2 t 2 by ( + w 2 )» 

where w — id and w’ = id' t (i = V — 1 )• 


Hence 


x 2 -\~ y 2 z 2 w 2 — x* 2 -f- y 2 z 2 w 


This four dimensional manifold which appears as a linking 
together of space and time is known as the “Minkowski world** or 
the “four dimensional space-time continuum”, where the four coordi¬ 
nates are x, y, z and id , and time is equivalent to an imaginary length. 
Thus, according to Minkowski, space and time considered as indepen¬ 
dent realities sink into the region of shadows ; only their union can 
claim to possess an individual existence. In other words, the world 
of Minkowski involves space and time inextricably bound with each 
other. A point in such a space-time system is known as the 11 world- 
point ” and the motion of a particle in it may be represented by a 
“ world-line ,” which expresses the dependency of the path on the 
time while its projection in three dimensional space the course of the 
path. 

If s be the distance between two points with coordinates (^i, y i» 
Zj, u> x ) and (z 2 , y 2i z 2y w 2 ) in the four dimensional space, then 


s* — (x* — X,) 2 + (y ? — y,) 2 + (z, — 2i) 2 + (uv— u>,)* 

This can be shown to remain invariant , i.e., unaltered in form in all 
systems by the use of the transformation equations. Hence in the 
four dimensional Minkowski world the world-line of the particles 
represent phenomena independently of any coordinate system. For 
a world-line element this invariant form of equation is 

ds 2 — dx 2 + dy 2 -\-dz 2 + dw 2 
= dx 2 + dy 2 + dl 2 — c 2 dt 2 

This means that the distance between two points, i.e a length, is not 
defined by the three dimensions dx , dy, dz> alone, but, in addition, by 
a fourth dimension of time dt. 
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Minkowski also established from a comparison with the trans¬ 
formation equations that the change from a frame S with axes x , y % 
z > to a frame S' with axes x', y\ z\ t\ and moving relatively to S 
along the X-axis with a velocity v y is equivalent to rotating the axes 
w through an angle 6 in the xw plan such that 


cos 8 — 


V 1 — r 2 /c 2 

Since v < c, cos 0 > 1 ; hence 6 is an imaginar}' a ugle which indi¬ 
cates that the fourth time-axis is imaginary. If we include now 
y and z axes along which there is no motion we must regard them as 
remaining unchanged in rotation and we may then form a geometri¬ 
cal picture of a four dimensional continuum in which the Lorentzian 
transformation for a particular velocity v is represented by a rota¬ 
tional displacement of the x and w axes through a particular angle 0. 
This picture of a four dimensional space is called “space-time con¬ 
tinuum. If dx y dy , dz, dw are coordinate differences between two 
points in such a continuum, then ds may be called the distance 
between them. But the quantity ds is generally called a point- 

event or “ interval *the term distance being reserved for its analogue 
in three dimensional space. 

The continuum implied by the equation 

ds 2 = dx 2 + dy 2 + dz 2 — c 2 dt 2 

is regarded as describing the course of events in the physical world. 
The equivalent of a straight line in this continuum is a line making 
ds a minimum which is called a geodesic the shortest line joining 

two points on a surface. The history of a particle can be represented 
by the integral 

B 

ds 



A and B being two points along a world-line. Hence 

B 




0 


is a geodesic, also called a geodetic line. Since it has the same value 
in any coordinate system, it holds good both for rectilinear and 
curvilinear systems. 

Putting ds — 0 in the equation of the four dimensional con¬ 
tinuum we get 

C 2 dx 2 q- dy 2 +dz 2 
“■ dt 2 

which represents something moving with the velocity of light. Hence 
the equation of the space-time continuum with ds = 0, t.fi., 
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fly! _u ,j ? j2 4 - dz 2 — chit 2 = 0 refers to a ray of light in it. ^ incc 
ds = 0 the world-line of a ray of light is a geodesic of zero eitg 

It may be noted that although in all the rdativistic formu ae 
the time and space coordinates play a very symmetrical 
would he an exaggeration to say that tune and . p nT1Tlpars in 
symmetrical. For one thing, a difference between them. }■ 1^ ( 
tile formal statement of theory, since it is t lie quantity _ and 
which plays a part symmetrical to that of the v«w tg ’ that 

for another, no theory can eliminate the two fundam in( jiffer- 

while the space variables can vary in one sense or the . tl ‘ 
cntly, time always flows in one sense on y an . , 

physical entities, like atoms, electrons etc. persist throughU^^ 
which fact is expressed on the macroscopic scale b> P .. 
of material objects, with the result that the space-time continuum 
has a kind of “linear” structure in the direction of time. 


Einstein’s solution of the problem of gravitation. Eins¬ 
tein assumed that the presence of matter distorts the curva ure o 
the Minkowski four dimensional space-time continuum, bince 

gravitation is caused by matter, the gravitational ueld may do re¬ 
garded as a distortion of the four dimensional world. Einstein sup¬ 
posed that this distortion is such that the rectangular coordinates, 

in which ds* = dx'- + dy- + dz 2 - c'-dC- everywhere, become im¬ 
possible. The gravitating masses follow the geodesic ot this dis¬ 
torted space, since, according to the principle of equivalence, tie 
effects of a gravitational field are the same as the effects due to 
changing the coordinate system in a suitable way and since the 
world-line is an invariant in any coordinate system, rectilinear oi 
curvilinear, so that the world-lino of any particle in the gravitational 

field is given by 

n 


5 J ds = 0 

A 

which is a geodesic. This equation being purely geometrical, all 
particles of whatever mass or nature move in the same way m the 

given field. This means that the acceleration duo to gravity is the 

same for all kinds of matter, which is indeed the characteristic pro¬ 
perty of the gravitational field, fully confirmed by experiment. 

To determine the path of a particle in a gravitational field it is 
therefore necessary to find, first of all, in what way space is distorted 
near material bodies so that ds may be expressed in terms of any set 
of coordinates chosen and the equations of world-linos between two 
points may be found in terms of these coordinates by means ol the 
equation 
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The coordinates used may be any which are possible in the curved 
space. 

Let x Xi x 2 , x 4 be taken as the coordinates in a system which 
can be used throughout the space. In the curved Minkowski space¬ 
time continuum any very small region may be regarded as not 
distorted, so that small local system of rectangular! coordinates 
in which ds 2 — dx 2 + dy 2 + dz 2 + dw 2 may be supposed to be 
drawn in it. Then in the small region of the coordinates x f y, z, w , 
these rectangular coordinates must be functions of x } , x 2 , x 3t x 4f so 
that 


dx = 


dx 

dx 


(ix i + Ir- dx i + It- 


dx 3 -f- 


dx 


dx 4 


i a* 2 ' ' d * 3 ° 1 $ x i 

with similar expressions for dy t dz t dw , Substituting these values of 
dx , dy , dz y dw in the equation ds 2 = dx 2 + dy 2 + dz 2 + dw 2 a very 
complicated expression is got for ds 2 involving g*s which are func¬ 
tions of the coordinates x l9 x 2f x 6 , x 4 and dx 4 , dx 2 , dx 3i dx 4 . 

This complicated relation for ds 2 may be written in an abbre¬ 
viated form as ds 2 = £gpv . dx^dx y in which it is understood that all 
the sixteen combinations of the four values 1 , 2 , 3 , 4 of ft and v are 
to be summed up and that g 

An expression for ds 2 of this form holds for any system of co¬ 
ordinates and it is the fundamental equation from which the entire 
general theory is developed. The relation between the g's and the 
properties of the curved space had been previously worked out 
by Riemann and other mathematicians, so that Einstein was able to 
use these results. The problem is to find the relations between the 
g's in a gravitational field, which turn out to be sets of differential 
equations. Einstein selected a set which seemed likely to be the 
correct one, guided by^ the knowledge that the Newtonian law of 
gravitation is a close approximation to the truth, so that it was 
necessary to choose equations which gave results not far divergent 
from Newton’s theory. Also in the absence of the gravitational field 
he supposed the four dimensional space to be undistorted so that the 
equations chosen had to satisfy this condition as well. He then 
worked out the law governing the motion of a small planet round 
a large attracting mass on the basis of tensors. Without further pro¬ 
ceeding with the complicated mathematical treatment developed by 
Einstein, we shall state the final result as follows. The differential 
equation of motion of a planet round a heavy attracting body is 
found to be 

d 2 u 


dt 2 


+ 


u = -u 3a 

h 2 u 2 ^ 


where u = 1 /r, r being the radius vector, a = M u 2 , M being the 
mass of the heavy attracting body at the origin and h is the real 
velocity. 

The corresponding Newtonian equation is 

dhi 


i 




tional theory came from three tests in astrophvsicai phenomena 
suggested by Einstein himself, viz. : (1) the advance ol the perihelion 
' ! lie planet Mercury, (5) the bending of a ray of light due to a 
gravitational field and (3) the shift of spectral lines. We shall now 
briefly describe how these tests were made. 

1. Advance of the perihelion of Mercury. According to Einstein 
the space near a heavy mass is curved so that any body which enters 
this space travels in a curved path. The curvature of the space in¬ 
creases, the closer ihe body approaches the heavy mass. The orbits 
y" ihe planets around the sun are explained on this basis. For re¬ 
latively distant planets whose orbits are nearly circular, the Einstein 
law of gravitation reduces to the Newtonian inverse square law. But 
in the case of Mercury which is very close to the sun the orbit is very 
eccentric, so that Einstein's law departs sufficiently from Newton’s 

aw for the two to give results divergent enough for an experimental 
test. 

i the Newtonian inverse square law it can be readily show r n 

t lat t e planets of the solar system move in elliptical orbits with the 
sun at one of their foci. 

The point P in the orbit 

of a planet, nearest to 

the sun S, is called the — -J y 

perihelion whereas the 

point A farthest from A\~ i j ^/ 

the sun is called the V. S JP ( s'* / 

aphelion (Fig. 166). The ^-—— 

line joining A and P is ( a > A> - it) 

the major axis of the Fig. 1G6. Advance of the perihelion 

elliptical orbit. Accord- °f Mercury. 

^i° ^ ewt ° n ’ s theory, the major axis of the orbit of an isolated 
. ng e planet round the sun should remain fixed in space. But as a 

° a ^ act i° n between the various planets of the solar system 
th» Tf axi f r °tates slowly so that a planet which is revolving in 
« n r } a ® ®h° w n in Fig. (a) will after many years be revolving as 
owu in * ig .(b). The slow rotation of the major axis is called the 

al oli nCe y P e^ ll le llon* , ; it is a precession of the perihelion round 
that ito *|J! case t^ e planet Mercury it had long been known 
cent,,!! Presses at the rate of 574 secs, of arc per 

t i alculations base ! on Newton’s theory showed that per- 

due *° other Planets caused a precession of the nerihelion 



410 fundamental concepts of atomic physics 

42 secs, is left over. Following the traditional method established 
by the discovery of Neptune, a new planet was predicted to account 
for the discrepancy. Its position was calculated and it was even 
named Vulcan. Such a planet, however, had steadfastly refused to 
be discovered and astronomers were at a loss to find the explanation 
of the discrepancy. 

Einstein, using his theory of gravitation, solved the riddle, dis¬ 
posed of \ ulcan as imaginary and successfully accounted for the 
difference by showing that the orbit of a planet is a Kepler orbit only 
to a first approximation. from the difference of 3a which exists 
between his differential equation ol motion of the planet round the 
sun and that proposed by Newton, he determined the precession s of 
the perihelion, which is given by s — 6 ttM 2 /A 2 , and substituting the 
known values of M and h found the value of e as 43 secs, of arc per 
century in the case of Mercury, which agrees very well with the 

difference sought for. This is indeed a remarkable success for the 
gravitational theory of Einstein. 

2. Bending of a ray of light due to a gravitational field . We 
have seen in the special theory that any type of energy is equal to a 

mass. This mass is inertial. The general 
theory states that the inertial mass of a body 
is equal to its gravitational mass. Now a 
quantum of light has an energy Av and should 
therefore have both an inertial and a gravi¬ 
tational mass Av/c 2 . Since mass distorts 
space-time continuum which is equivalent to 
the production of a variable refractive index 
in the space in the neighbourhood of the 
mass, a ray of light passing close to the sun 
should be deflected slightly towards the sun. 
Considering therefore the light from a star 
passing close to the sun, Einstein’s theory 
predicts a small deviation a (Fig. 167) 
given by a = 4GM/ac 2 , where A is in radian 
measure, G is the gravitational constant, M 
and a the mass and radius of the sun. Sub¬ 
stituting the known values for the various 
quantities, a works out to be 1*74 secs. 
Measurements made during total-eclipses of 
the sun in 1919, 1922, etc., completely veri¬ 
fied this theoretical prediction. The observed 
effect is known as ‘ Einstein effect* "which can 
be measured only during a total eclipse of 
the sun, since stars nearly in a line with the 
sun are invisible, as a rule, at other times. 

3. Shift of spectral lines . A third prediction of Einstein’s 
theory is that when light moves away from a strong gravitational 
field its frequency should be slightly diminished or its wavelength 
slightly increased due to the work done by the light quantum against 



Fig. 1G7. Einstein 
effect. 
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the attractive force at the expense of its own energy content. As a 
result, the spectral lines given out by the sun will be slightly dis¬ 
placed towards the red end of the spectrum compared with those 
given out by terrestrial sources where the gravitational field is much 
less. This displacement of the Fraunhofer lines known as the 
1 Einstein shift , can be shown from the theory to be given by 
dX/X — GM/ac 2 . The calculated shift for a line of 5000 A 1 is 0 01 A°. 
The experimental observation of such a small shift is difficult in 
the case of solar spectral lines on account of appreciable Doppler 
effect which completely masks the Einstein shift. But observations 
have been made in 1925 by W. S. Adams of the Mount \\ ilson 
Laboratory on the spectral lines in the light coming to us from the 
companion of Sirius, a very dense star of large mass and small 
radius so that M ja in the relation is large. The expected “red shift” 
is about thirty times that for the sun, hence easier to correct for the 
Doppler effect in this case. The observed shift corrected for Doppler 
effect was found to be 0*32 A°. This value interpreted as a relativity 
displacement gives a radius for the star about 18,000 kilometres, a 
value confirmed by other experiments where size measurement is 
made directly. 

Hence we may conclude that the remarkable gravitational 
theory of General Relativity, based upon apparently intangible ideas, 
has been experimentally confirmed. 

The universe according to general relativity. The general 
theory of relativity has speculated also on the structure of the uni¬ 
verse and the conclusion it has come to is that the universe in a non - 
Euclidean space-time continuum which is boundless yet finite . Einstein 
originally thought that the size of the universe was determined by 
the amount of matter contained in it, hence, finite, with an implica¬ 
tion that although space and time must have equal partnership 
in determining the laws of elementary constituent fractions of matter 
they lose that privilege when they go to form the universe as a 
whole. De Sitter, on the other hand, preferring a strictly equal 
partnership of space and time under all conditions, hence even in 
the case of the cosmos as a whole, conceived a universe whose size is 
not determined by matter actually contained in it, but is capable of 
accommodating any amount of matter, consistent, however, with the 
finite nature of the universe. 

^ t A more recent conception of an “expanding universe” by 
Friedmann and Lemaitre, partially confirmed by the observed reces¬ 
sion at high speed of celestial bodies, as estimated from the displace¬ 
ment of their spectral lines, is a synthesis between Einstein’s and De 
Sitter s cosmogonies, since the universe even if it were of Einstein’s 
type at the start should, being of unstable structure, expand to form 
the De Sitter’s universe at the end. On account of the boundless yet 
finite nature of the universe, space is said to be spherical since a 

spherical surface has no beginning or end, yet contains a finite super¬ 
ficial area. 
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CRITICISM OF THE THEORY OF RELATIVITY 


The theory of relativity is at present admitted practical- 
ly by ail scientists and mathematicians* Certain postulates of 
the theory such as the constancy of the velocity of light as well as 
its being the superior limit of all velocities attainable by material 
bodies, the relativity of simultaneity, etc. appear not to be finally 
demonstrated in all cases without exception. But the theory as a 
whole is to be considered as a product of genius, which perceives the 
complicated relations of things by intuition rather than by the pain¬ 
ful process of experience and verification. Further, its epoch-making 
conclusions, chiefly as regards mass and energy and the law of gravi¬ 
tation, have been experimentally confirmed, while the mathematical 
treatment involved proceeds so logically that it has not been serious¬ 
ly called into question so far. 

From the physical point of view, the theory is a marvel¬ 
lous synthesis, whose chief merit lies in the unification of the world 
of physical phenomena. By a new definition of simultaneity and by 
adoption of the constancy of the velocity of light, Einstein has been 
able to show that physical phenomena can be interpreted without the 
intervention of ether. Old anomalies of mechanics and electrodyna¬ 
mics vanish into thin air ; classical physics is cleansed of its wrong 
absolute presuppositions, while its laws are comprehended within the 
framework of a new wholesale scheme. Physics dealing with the 
actual measurement of space, time and mass in one form or other 
must necessarily make use of concrete events of concrete bodies even 
when the problem is treated in an abstract manner. Classical 
physicists following the lead of Newton seem to have made the 
mistake of measuring abstract space, abstract time and abstract 
mass which, not being referred to any concrete case, are in a sense 
universal and absolute, but as such are only mental concepts. 
Physics, however, clearly does not deal with the measurement of 
mental abstractions. Herein lies the merit of the theory of relativity 
in having put things in their right places. Concrete physical space, 
time, mass and motion cannot be measured absolutely, since the 
material bodies to which they have necessarily to be referred are 
always dependent on other material bodies in all their activities and 
passivities. This becomes self-evident when one considers the motion 
of celestial bodies. There is no absolute motion as such in the 
material universe : the earth and other planets are moving round the 
sun and the solar system as a whole about other constellations and 
so on. 

The theory does not deny real and intrinsic properties belong¬ 
ing to objects such as dimensions or intervals of time ; it clearly 
admits that the proper dimensions and times measured by observers 
at rest in a system are absolute, t.e., the same for all. What the 
theory claims to have proved is that these properties cannot be direct¬ 
ly measured as easily as was supposed, at least in the case of an 
observer in motion with Respect to the objects. Under certain con- 
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ditions two observers using the same units find different values for 
the dimensions of the same object or for the same interval of time. 
Hence objective reality, which is more complicated than any isolated 
single observer could have thought, cannot be defined by space or 
time taken separately, since they vary with observers. A combina¬ 
tion of both, however, is found to be invariant; t-hu- i^r/ns the space- 
time continuum in which world events are to be observed and 
measured. Against this new background in ; iss and energy become 
mere aspects of one and the same entity ; the different principles 
governing physical phenomena merge into one single universal 
principle of mass-energy equivalence ; motions of astronomical bodies 
and the more familiar law of gravitation receive a more accurate 
explanation, while the old interpretations of these phenomena are 
retained as first approximations which require correction. 

Unified field theory. We easily recognise that the theory 
includes the treatment of matter, electricity, radiation etc., on the 
ordinary macroscopic scale, perceptible to our senses, leaving the 
study of the microscopic structure in the hands o its equally worthy 
colleague, the quantum theory. It is the hope of physicists that the 
two theories shall meet ; and a first real contact has already been 
made by Prof. Dirac in 1928 by his relativistic wave equation of the 
electron (Cf. Ch. VIII). Einstein himself has been engaged for a 
number of years with the same problem and appears lately (Jan. 
1950) to have arrived at a definite solution, which goes by the name 
of “unified field theory ” 

The main features of this new theory may be briefly stated as 
follows :—Relativity has shaped all our concepts of space, time and 
gravitation and the realities that are too remote and too vast to be 
perceived. Quantum theory, on the other hand, has made a similar 
achievement concerning olir concepts of the atom, the basic units of 
matter and energy and the realities that are too elusive and too 
small to be directly observed. 

Yet these two great systems rest on entirely different and un¬ 
related theoretical foundations. The gravitational field , according 
to the'theory of relativity, is produced by big scale material bodies 
and their motion, and is characterised by ten functions, changing in 
space and time ; it has a geometrical counterpart which is four¬ 
dimensional non-Euclidean and Riemannian. The electromagnetic field,' 
according to the quantum theory, is produced by small scale electrons 
and their motion and is completely specified by six functions changing 
in three dimensional space and time ; it is purely physical without a 
geometrical counterpart. It has been remarked that the artificial 
mixture of geometric and physical concepts in the gravitational field 
theory is unsatisfactory. Further, both the gravitational and elec¬ 
tromagnetic theories are dualistic (matter-field), i.e ., sources of the 
field (masses, charges) and the field itself. 

Einstein argued that this state of affairs cannot be true to 
reality and hence aimed at building a unitary , pure field theory. The 
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laws of gravitation and the laws of electromagnetism should be united 
into one universal law : there should be a basic, unified field, within 
which gravitational and electromagnetic fields are merely particular 
forms or conditions of state. In such a unitary field, what is known 
as matter is to be deduced from the field equations alone, matter 
being made equivalent to especially strong change of field with time. 
Thus, an electron at rest has to be represented in the new theory by 
a small region, inside which the field is very strong and outside 
which it dies out quickly. Such a region with a strong but finite 
field, represents concentrated energy, that is matter. In consequence, 
the old dualisms of field-matter and of physics-geometry are removed ; 
the electromagnetic and gravitational fields acquire an equal footing, 
i.e., both characterise the four dimensional continuum which is our 
Universe. 

This new theory is mathematically specified by sixteen func¬ 
tions ; the geometry of the universe is non-Riemannian ; it is capable 
of d isclosing the properties of elementary particles from which atoms 
are built and at the same time explain the motion of planets and 
stars. One should also be able to deduce the quantum laws func¬ 
tioning inside the atom from this new theory, which, however, has 
not yet been fully achieved. It seems that the unified field theory no 
longer commands the interest of most physicists, because of the very 
real possibility that the exchange force of nuclear physics may prove 
to be the missing link between gravitation and electromagnetism. 

Hoyle-Narlikar new theory of gravitation, c.f. Appendix—p. 1240 


CHAPTER VII 

The Quantum Theory of Radiation 

I l ,n t , e quantum theory 0f radia t«on first propos- 

ed by Max Planck in 1901 in connection with “black body” radiation 

was definitely formulated by Einstein in 1905 as a new conception of 
?_ T lation, entirely different from the older classical wave theory 
We have already seen that the two phenomena, viz., the photoelectric 
and Compton effects cannot be adequately interpreted on the basis of 
the electromagnetic wave theory (Cf. p. 131 and p. 304). The Quan¬ 
tum theory, on the other hand, offers a simple and straightforward 
explanation of these two effects, which are therefore considered to 
have formed the first irrefutable experimental proofs of the new 
theory. But there are also many other radiation phenomena, chiefly 
belonging to the microscopic atomic state, which are clearly under- 
stood only by the application of a quantum conception of radiation 
It is not surprising, therefore, that the theory has been treated as n„ 

'important bulwark of modern researches and forms one of the fundi 
mental concepts of Atomic Physics. lunaa- 

Asa result of scientific investigations, all material objects hire 
been found not only to be built up of minute particles but alio 
contain intangible constituent of energy, which may be set free from 
all association with matter, when it travels through space in the firm 
ol radiant energy or radiation. It has also been Recognised RhZ 
radiation manifests itself in different types such as the elcctromamw 
tic Hertzian waves, infra-red, visible ultra-violent v troma g nc - 

.to., but all of them having na.nU.lli .he s.m ‘ mintT,i Kvd’ 
ling with the same speed in vacuum. According to the “Quantum 

theory the radiant energy of a system or the Exchange of radial 
energy between different systems occurs not in n 1 ™ d ‘ ant 

permitting all possible values, as demanded by the wav^heonf b°u! 
in a discrete quantified form, as integral multiples of 

quantum of energy. This means that radiant energ/ should be!™ 
sulered as atomic in structure, like ma«* f er Fi™ * ^ r \ 

admit such a conception in the case oi light as w-?W si ^ 40 
nection with his theory of relativity where ether Z" “ T\ 
support of light waves, had to be set aside as th ^ essent,al 

tion of physical phenomena (Cf. i). 395, yi. ‘ r lnter preta- 

of the same idea to a concrete experimental fZ J 1 a PPl«cftion 
electric effect, which he was able to make len!lt Z S "r ' aslth ® P hoto ’ 
support to his more universal idea of relativity. herefore an md,rect 

classical theoriesRnlgl^Zwere^rop^ fh tC ^ different 

qu * n ‘“ m theorJr ’ 111 0Kl “ “ l-« before „ s .'{SortkT S^Sd 
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that will make us appreciate the need that was felt for the introduc¬ 
tion of this new theory. We shall then study the origin of the 
quantum theory, i.e., the immediate cause that led to its formulation 
and the further development, made by Einstein and others, that 
ultimately crystallised into the more comprehensive theory of “light- 
quanta” or “photons”. Finally we shall apply the new conception of 
radiation to the two important phenomena which gave the first 
experimental evidence of its validity, viz., the photoelectric effect and 
the Compton scattering of X-rays. 

CLASSICAL THEORIES OF LIGHT 

The study of the nature of radiation was originally made in con¬ 
nection with visible light and the problem proposed even by the 
ancient Greeks was : How does light reach us from the sun and the 
stars through the apparently empty space ? 

The ancient corpuscular theory. The ancients, struck by 
the readily observed property of light, m., its tendency to travel in 
straight lines, naturally concluded that all sources of light must shoot 
off rapidly moving minute particles or corpuscles, some of which enter 
the eye and produce the sensation of light. Newton adopted this 
view and elaborated it towards the end of the 17th century in his 
corpuscular theory of light which offered a satisfactory interpretation 
of such simple phenomena as rectilinear propagation and reflection 
from a plane surface. But it was not able to account for the refrac¬ 
tion of light ; further it led to a wrong conclusion, namely that light 
should travel quicker in a denser medium than in a rarer, contrary to 
experimental observations. 

a 

The corpuscular theory of light was therefore challenged^ about 
1680, by Huyghens, a Dutch physicist, who, on the analogy of water 

waves and sound waves, argued that 
light might be some wave disturbance 
transmitted by some medium which he 
called the luminiferous ether. Thus a 
second theory, postulating a wave nature 
for light, was proposed, but partly due 
to the authoritative voice of Newton 
in matters scientific, this theory gained 
very few adherents until about 1800. 
But then new experimental data, such 
as the phenomenon of diffraction, inter¬ 
ference and polarisation of light, began 
to be observed, which could not even be 
conceived from the standpoint of the 
Huyghens corpuscular theory. Early in the 19t 

century these new effects, first noticed 

by Young and later confirmed by others, soon decided in favour o 
the wave theory to the rejection of the corpuscular theory. 
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The wave theory of light, according to which light 


. . - . - w was con¬ 

sidered a wave disturbance in a medium callod ether that filled all 
space uniformly, was first proposed 
by Huyghens and then perfected by 
Fresnel. The latter was able not 

only to dispose of the objections j tf 

arising from Newton’s corpuscular JgjjWT ^ 

theory but also adequately explain Tw I Sra,' ' : Mm 

the phenomena of diffraction, inter- Suk 

ference and polarisation on the basis 

of the wave nature of light. Accord- Njr r ' - 

ing to him, light is propagated from 

place to place when the particles of J® ' 

the medium, ether, are set in simple 

harmonic vibration in a direction at Hk 

right angles to the direction of pro- T Tm 

pagation and the resulting distur- U 

bance or energy travels out a's a iBafiv 


wnn sucn a wave propagation 7^ v 

of light, diffraction which is funda- r* 

mentally a bending of light round Fresnel 

very small obstacles and interference which arises from the 
p ase of the waves or the contrary are readilv ex 
wise polarisatian can be accounted for by the transi 
the waves ; reflection and refraction of light also 
factory interpretation with the additional * 

pie of conservation of energy and conti n 

rectilinear propagation can be understood by"the 

the waves involved. Other cl , * ** ^ th ° 

the independence of the velocity 
and the decrease in ' 

denser than air, are c<_ 

while directly contrary 
Towards the middle of the 

was accepted as a final and 
light. 


agreement 
plained. Like- 
erse nature of 
receive a satis- 
assumptions of the princi- 
uity of displacement. Even 

! very small siZe“of 

^ner experimentally observed factv- each as 

i -i. ^ ^ rom the speed of the 

the velocity when light _ 

completely in favour of*the r. 

to the demands of the 

— J 19th ^ntury, therefore, the — ^ 

complete explanation of the 

But soon a serious difficulty 
very medium, ether, J 

of propagation of waves, such as 
by the relation v = A/E7J”wherA 

the elastic modulus and d the density of the 
for light is very high, i.e * ^ 

elasticity of ether must be 
of steel while its density 
whioh is further confirmed by 
celestial bodies through space, 
the transverse nature of light w 


source 

passes through a medium 
1 wave theory of light, 

9cular theory, 
wave theory 
—> nature of 

wa^c < ut ar °se as regards the nature of the 

aves in which constituted light. The velocity 

ight was conceived to be, is given 
v is the velocity of propagation, E 

a ,nu medium. Now since v 
X 10 eras./sec., it follows that the 
ver y great, many times greater than that 

very low even lower than the lightest gas f 
- free and unhampered motion of 

r hand, to account for 
is convincingly demon 
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strated by the phenomenon of polarisation, the same medium should 
be considered as a most rigid elastic solid . Thus ether seems to 
possess contradictory properties. Hence, it could easily be surmised 
that something was wrong with Fresnel’s ether wave theory of light. 
It was at this stage that Maxwell came forward with his famous 
electromagnetic theory which not only solved the above-mentioned 
difficulties to a great extent but even achieved a marvellous synthesis 
of the different types of radiation establishing an essential identity 
between light and electricity. 

The classical electromagnetic wave theory* Maxwell, in 
1864, starting with a novel and original idea of a “displacement 

current” in the dielectric medium in 
which electrical phenomena take place, 
worked out the electromagnetic field 
equations on the assumption that this 
dielectric current obeyed the same law 
as the ordinary conduction current 
within certain limits. The final differ¬ 
ential equations representing the elec¬ 
tromagnetic field were found to be of 
the same type as those for any pro¬ 
gressive wave motion. A more detailed 
analysis showed that in a progressive 
plane polarised electromagnetic wave 
the electric and' magnetic intensities 
were at right angles to each other and 
both were confined to a plane which 
James Clark Maxwell was perpendicular to the direction o 

propagation. Further, the electromagne¬ 
tic wave was propagated with a velocity equal to 1 
and ft are the specific inductive capacity and permeability of 6 
medium respectively. This quantity 1 had already been shown* 

in the theory of Units, to be equal to the ratio of the electromagne ic 
and electrostatic systems, having the dimensions of velocity (LT' /• 
By measuring the same electrical quantity in the two systems oi 
units, their ratio could be experimentally determined, as was done 
by a great number of investigators, and l/Vto* wa f nd *?«*!! 

3 x 10 10 cms./sec., which is the same as the velocity of light. Inis 
naturally led Maxwell in 1865 to conclude that light also was essen¬ 
tially an electromagnetic phenomenon and thus the electromagne i 

theory of light was born. 

According to this new conception, light is considered .as the 
result of rapidly alternating displacement currents in the medium 
which give rise to magnetic effects, similar to those associate un 
conduction currents. The two fields, the electric and the magnetic, 
inseparably associated, the one varying proportionately witfijn 
other and the variation of one giving rise to the urge 

other forward with a finite velocity, viz., that of light. The ac • 
the mutually perpendicular electric and magnetic fields are a y 
confined to a plane perpendicular to the direction of propaga i 
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reoEa of thrl J° r * he tra , nsverse nature of the light waves. The 

theorv bv /h? r br . atl ° nS f t ‘ mechanical e^er’ of the older wave 

magnetic^ ^ctorl ^ the in ? eparabIy connected electric and 

“eKc soHd” th °T c , rem0 r ed man y of ‘he difficulties of the 
elastic solid theory of Fresnel, while retaining oracticallv all it* 

* d X“ S r k • etl l er «”• <• be considered »ke3rCd “ me«Iy a 
medium uliose displacements constituted the electromagnetic licit 

All experiments designed to detect the ether directlv 

essential identity between electron I , nH ^ great discovery of the 
mains intact. But when h waf St ° ptl ° al Phenomena still re- 

accept it without further research and3matiS W mClined *° 

The intensity of an deJtromagneUc wavTTe W tlT Sl ° W t0 appear - 
per sec. per sq. cm of th* f J t,€t > energy transferred 

to the square of the amnlitud«wd' rl ‘»l w *® ebown to be proportional 

vector as in the older^"£le “to % ^ th ' electric 

etc., based on Me"w“i?s’ "n"£™ t d P loT' “ ,erfere »ee of light 
in Fresnel’s theory, but more inae™.^ l ° Same conc lusions as 
vations. The superiority of tba „i ^ ance Wlt h experimental obser- 
mechanical theory of light was soon fi?iu?™ agnet c 4 h eo ry over the 
enabled the velocity of light to be deduced7 COgmaed ’, ^ Tst because it 
tic measurements and sfcond because bv tiT electroma gne- 

°nly transverse plane light waves Tn tb 1 , ery , nature 14 allowed 
cult to explain the non occurrence ■,° 1 “ ^eory it was diffi- 

theory of Maxwell excluded them logically. gltUdma WaV6S while the 

netl. 5 r't 1 * 1 "•>“< « elcctromag. 

when Maxwell first proposed the theory Vtw^^ ^ deteCted 

experimentally demonstrated the actuafev - T lews Hertz, in 1887-8, 

to light waves and were proW a " the laws a PPlieable 
of light. At the present dav g t b« W ‘^ h the same velocity as that 

passed far beyond the academic stave^® ^Jectromagnetic waves have 
science by virtue of their world ^*d ^ theoretical and experimental 

Maxwell’s electromagnetic theo^r' 6 application io radio. Thus 

established on a solid experiment!] ^ n,ams > eve n to this day, firmly 
state briefly certain immediate conch a - S ' S ’ sha11 ,low P roce ed to 

electromagnetic theory which nrole i‘°?^ that were drawn from tho 
and weakness, bringing out its iL - u ltimately to be its strength 

g ° Ut ltS lm Portance as well as its limitations. 
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Tne conclusions of the electromagnetic theory are 

(a) Unification of the different types of radiation—the electromag¬ 
netic spectrum . Electromagnetic waves originate as a result of the 
periodic motion of electric charges. Now if light waves be electro¬ 
magnetic, they must have their origin also in the periodic motion of 
electric charges. Spectroscopic study shows that each element has a 
characteristic spectrum which, it may be assumed, arises from the 
atoms and molecules of the element. From this we may legitimately 
conclude that the atoms and molecules contain electric charges, the 
vibrations of which send out electromagnetic radiations. The electro¬ 
magnetic waves emitted by atoms and molecules cover a very wide 
range of frequencies or wavelengths forming a long gamut of 
radiations, which is ordinarily known as the electromagnetic spect¬ 
rum, shown in the chart below, where it is seen that the essentially 
same electromagnetic radiation is called by different names according 
to different frequencies and the corresponding wavelengths involved. 


ELECTROMAGNETIC SPECTRUM CHART 

* 


Rays 

Frequency 

Wavelengtn 

Cosmic rays 

Y-rays 

w, 10« 

6 X 10 2# to 10 18 

10“ u cm. = X.U. 

10" 10 to 10~ 8 cm. = 1A° 

X-rays 

6 x io 1# to 6 x in 15 

10'* to 10' 5 cm. 

Ult r a* violet 

2 X 10 1# to 8 x 10 14 

1-4 x 10'* to 4 X 10' 5 cm- 

Visible 

8 X 10 14 to 4 x 10 14 

4 x 10* s to 8 X 10‘ 5 cm. 

1 Infra-red 

4 x 10 14 to 3 x 10 11 

8 x 10' 5 to 0-04 cm. 

Electrical 
(Radio) waves 

10 1 * to 10* 

! 

0*01 cm. to-100 K-metres 


Starting from the bottom, we have the electrical radiowaves 
whose frequency may be as low as 1000 and wavelength as hig 
a hundred kilometres. They extend over a wide range bf freqimn • 
Then we pass over to the infra-red, visible, ultra-voilet, 
y-rays and finally cosmic rays with increasing frequencies ana c 
pondingly decreasing wavelengths. 

The shortest wavelength radiations are met with in cosmic rays, 

whose origin and nature are not yet fully known. The 

of very short wavelengths, are emitted in the spontaneous i® 1 ** ° fln 

tion of radioactive atoms. Next come X-rays produced y . 
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SfoWe^ 066 ^ u fas - w Ving cath . 0de rft y P articles mor¬ 
ale subjected tn u tra 'T ,olet . ra y® ari3e when atoms or molecules 

electron! Th [f etlC e . xeltatl0n bombardment with fast moving 
electrons. The visible region, which alone affects the human eve 8 

by ff SnT 8 f p ° i “r 1 ‘l! e Whole 8pectram and is P r °duced* 

length infra-red rays produced by molecular agitation are fnvWhfo 
and can be studied through their heating effect. Finally we get to 

oscillatory circuits. 7 pr0duced mtb the aid of macroscopic 

. • , ^ * s to . be noted that there is an overlapping of limits as regards 

the frequencies or wavelengths of these different radiation hence 

Swirr 1101 ^ 6 f n - 0t ri 8° rou8 - Further, all of them are pro’pagat! 
“"“f* of altornating electric mt Bet? *" 

magnetic theory of Maxwel, lhXr s 1>t a nt to ° f ** eleC4r0 ' 

above^haf elements^mi^dhfferenirtypes^of^ele^; 6 ^ ^ ^ 8660 

under diverse conditions of excitation 5 by which 

withm are made to vibrate with different freqll n f^ 8 * 8 
magnetic theory provides also o ^ * The electro- 

radiation by stating that any accelerated chared me ^ hai ‘ ism of such 

in the form of an electromagnetic pulse or \vf veTrein 3d ' tI! 
inseparable conclusion from the theorv li+hZ * L \. T , hls 13 an 

theory falls For, the essential pokTof Sa^elT’s 1 !^ 6 ^ 
existence of a displacement current in the ? heor - v 18 the 

play when there is variationTdectoic cha^!e W • 1Ch COmes int ° 
even in its position and which is always associatodwith “ ag ^ ltude or 

to the a tr a h ry a :s: 

ed to a periodic motion would send ^T treTn^fIS 011 SUbj6 ?' 
waves, t.e., radiate energy It follows r “. f el «ctromagnetic 

charge must radiate energy. If the charer^'t^n * &ny accelerated 

. .»dd.„ jerk. i.c., » po,®;, .ccSr^'c'S I » ^ 
is suddenly stoimprl 4 0 . UI1 > or 11 initially in motion it 

magnetic pulse is sent out! analogfus’to^h! 1 ^ 4 * 0 ^’ & 8 | ingle e,ectr °- 
emitted when a steel ball collides^With * h ? ound pulse or crack 

acceleration be such that the charge vibrato? , If th ® 

cases of simple harmonic oscillators) a Sfnof ® , 1 rcalar P ath ( both are 

tuning fork. AccSrdfng to tii e I? T' 0ut ^ a vibrat ing 

a charge cannot take place without radiatio^ Snergy^ 061 ®^ 41011 ° f 

may be derived as follows ra diated by an accelerated charge 



422 


FUNDAMENTAL CONCEPTS OF ATOMIC PHYSICS 


Consider a 1 'point* * charge q initially at rest at O (Fig. 168). 
Let it be given a sudden jerk in the direction OX, i.e., it is subjected 

to a uniform accele- 
ration, say a, dur¬ 
ing a very short 
time r. Due to this 
action, let the 
point-charge move 
to a slightly differ¬ 
ent position P v If 
v be the velocity 
acquired by the 
charge at P lt then 
v = ax. Thence¬ 
forth, it will move 
_with a uniform velo- 

0 P, P 2 A city v . After an 

Fig. 198. additional time t, 

1 a r g e compared 

with the duration of the jerk, the charge will have reached some 
other point P 2 , given by the relation : PjP 2 = vt. 

Let us find the field of the charge when it is atP 2 . Let ONL 
represent any line of force from the chargo while stationary at 0, and 
let N lie on a sphere of radius c (t + t) with 0 as centre, c being the 
velocity of light. The disturbance due to the jerk given to the charge 
will travel outward along this line with the velocity c and will have 
just reached the surface of the sphere mentioned above, on the 
assumption that the disturbance due to a jerked charge is emitted 
continually from it and spreads out in all directions with the veloci y 
of light. 

The field outside this sphere of radius c (t + t) will not have 
received °news” of the jerk of the charge and must be therefore tb® 
original field associated with the charge at rest at Oand hence wi 
be radial from O. On the other hand, the field inside a sphere of 

the final field associated with the charge 

mftvMg uniformly with velocity t\ radial from P 2 , as indicated y 
P 2 M. Hence, between these two spheres is a shell within which e 
transition from the one field to the other has taken place. T- e 
transition is shown by the line MN, and at the instant (t + t )i aw* 
start the line of force initially represented by ONL will row be re¬ 
presented by P 2 MNL, the ‘break* or ‘kink* MN travelling outwara 

with the velocity of light. 

We shall now show that this kink MN caused by the jerk con¬ 
tains a component of the field that carries a certain amount °f „ 
off to infinity, i.e., energy that is radiated away, since radiatio 

implies that energy passes off to infinity. 

The transition shell is an electromagnetic wave or pulse 
results from the jerk given to the charge. The line MN repreaen 8 
the direction of the field within that pulse. For simplicity sake, 
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we have represented it as a straight line, but in reality its shape wi»l 
depend on the nature of the jerk. Taking the limiting case of t —► 0 
we may legitimately assume MN to be straight, since then the acce¬ 
leration can be assumed to be uniform 

Resolving the electric field at any point on MN into a radial 
component E r in the direction of P 2 M and a perpendicular compo¬ 
nent E,, it is seen from the figure that 

E, _ M'N __ .MIST 
E r ~~ MM' “ IF’ 

since P 2 M will be parallel to ON' when t 0. 


b urther, as v is very small compared with c and t verv small 
also compared with t, OP, can be neglected, so that 7 

OP 2 ~ vt very nearly and MN' — GP 2 sin 6 — vt sin 0, 

vri^ n ^i^. S an S^ e between P 2 M and OX ; and for the same reason, 

MM which represents the difference in radii of the two spheres is 
equal Cr. 


* * 


E t 

e; 


vt sin 6 
c T 


a t t sin 6 

Ct 


a t sin 0 


The component E r must have the same value in the shell as 
just outside in order to carry the flux of induction through the shell 
and so satisfy Gauss theorem and its value is given bv E — air 2 
where r is the radius of the shell. " W ’ 


E t = E r 
Since r = ct 


a t sin 0 


_ q a t sin 6 


c 

% 

or 




v q a sin 6 

— -^7—— 


t — rjc 


c 2 r 


.,.( 1 ) 

We may regard, therefore, the field surrounding tue moving 
charge as practically equivalent to a canstant radial field E r moving 

llnZu? Wi u H , tKe ° harge > U P° n which ^ superimposed f 

genttal field E ( which moves outward with the velocity of light. 

of ‘ S tangentlal com Ponent falls, as r increases, only as the first power 

will , A ® time g°cs on and roc , E r which varies inversely as r*, 
shill tmlrn, 6 ‘? y negligible in comparison with E,. Thus in the 

n e ri ng ? ard Wl u h the Velocifc y of light and constituting 

^ gI ) e -' C Wa 7 e ’ th ! tangentiai component constitutes the 

must he n. mn ° t,€C ^ or - ^ ssoc ' ate( l with this electric vector there 
nS fielH^ m “9nettc vector ^ perpendicular to it. The electromag- 

ehlrJ if'S \ thus travels away to infinity from an accelerated 

reason’thJs+vi!l te f fl a< ? l i a * 10n r° fa certain amount of energy, for which 
charge ^ o e is often called the radiation of an accelerated 
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w — 


. 44- . sin* 0 
cV* 


2? . sin* * 


...( 2 ) 


An expression for the energy thus radiated from an accelerat¬ 
ed charge may now be found as follows 

The energy w per unit volume in an electromagnetic field is 
given by 

E* + H* E* 

w --5- = — A — 

Sn 4?r 

Using this relation in the case of the electromagnetic pulse 
caused by the jerk of the point charge, 

E,* 1 g*a* . , - 

w — —f— = —;-V*- • sin* 6 

4 tt 47t c*r % 

Since this energy travels with the velocity of light (c), the raus 
at which energy crosses unit area of the pulse surface is c times the 
energy per unit volume. Hence the rate of radiation across unit area 

of the pulse surface is given by 

dw 1 <7*a* * 9 n ( 2 \ 

—■=-— = — - -Vr . sin 2 0 ***w 

dt 4 tt c*r* 

It is seen from this relation that the rate of radiation varies 
inversely as r*, in consonance with the inverse square law and also 
that there is no radiation in the direction of motion of the accelera¬ 
ted charge, t.e., when 0 — 0. 

In order to find the rate of total radiation, t.e. f over the whole 
spherical surface of the pulse surrounding the accelerated charge, t e 
quantity dwjdt is to be integrated over the whole spherical surface ol 
the pulse. To do this, considering a small elementary ring on the 
surface of the spherical pulse, of width rd0 and radius r sin 0, whose 
axis is the lino OX from which 0 is measured, the value of dwjdt is 
uniform over this ring, t.e., the energy that passes outward per sec. 
across it is the same at very point in it, since it lies symmetrically 

about OX. 

The area of this elementary ring = 2wr* sin 6 dO. 

Hence the energy that passes per sec. over the whole area of the 
ring is given by dwjdt x area of the ring, t.e., 

2— . - a _* sin* 0 X 2irf* sin 0 d0 

4tt 

The total energy dW/dt that passes per sec. over the whole 
spherical surface is given by 


dW 

IT 


- f 9 2qc2 

J 2c 3 


sin 3 0 d0 


sir 0 (1 — cos* 0) dO 

2c 3 J 



CLASSICAL THEORIES OF RADIATION 


425 


q l a 2 
“2c* 


X 


q 2 a 2 
"2c* 


7t 


| (1— cos 2 0) d (cos 0' 


X — 


o 


f „ cos 3 0 
cos 6 -r— 

L 6 


7C 


0 


g 2 a 2 [~cos 3 0 
~2c* 


cos 0 


0 


2 f a2 

3c 3 


... (3) 


This relation (3) gives the rate at which the charge q is radiat¬ 
ing energy at the instant when its acceleration has the value a. Since 
a 2 is always positive, whether a is + ve or — ve, energy is always 
radiated by the charge , whether it is accelerated or decelerated . 

Application to important cases . We shall now apply the above 
general result to two important cases, one referring to the production 
of X-rays and the other to an electron vibrating simple harmonically. 

(a) X-rays. The mechanism of production of X-rays, accord¬ 
ing to the electromagnetic theory, is conceived as follows : The 
cathode stream in a discharge tube consists of fast moving electrons. 
If these, carrying a negative charge each, are suddenly stopped by 
making them collide with a solid obstacle, such as the walls of the 
discharge tube or a metallic target deliberately put in their path, 
they must experience for a brief interval a very large negative 
acceleration. Such retarded charges will radiate energy. On this 
basis, therefore, X-rays consist of a very rapid succession of electro¬ 
magnetic pulses emitted by the sudden stoppage of the electrons of 
the cathode ray stream striking the target. 

Using the simplifying hypothesis of J.J. Thomson that the 
electron is brought to rest by a uniform acceleration opposite to the 
direction of motion, the energy which goes into radiation, as X-rays, 

due to the sudden stoppage of a swiftly moving electron can be 
estimated as follows: 

Let e be the charge of the electron in e.s.u., m its mass and v 
its initial velocity, assumed small relative to that of light. Let the 
electron be brought to rest in an interval t due to a uniform retarda¬ 
tion/, so that v = ft. In such a case, the rate of total radiation 
according to equation (3), is given by 

dW 2c 2 / 2 
dt 3c*~ 

Since this rale of radiation persists for time t , 

the total energy radiated = . t 

3c 3 


... ( 4 ) 
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Considering the electron as a charged sphere of radius a, the 

electromagnetic mass vi } i.e., mass arising solelj^ from the charge, is 
given by 


m 


2u€ 2 

3a ^ 1 e e * m * u *' 


Changing e into e.s.u, and putting y. = 1, rn — 2e 2 /3ac 2 , which 

gives e-/c 2 — 3uw/2. Substituting this value of e 2 jc 2 in relation 
(4), the total energy radiated = 2 / 3 (3amj2)f 2 (t/c) 

= ma f 2 t/c 
= via . v 2 /t- . tjc 

= V 2 x (2ajct) ... (5) 

Since 4 / 2 mv 2 is the initial kinetic energy of the electron, we see 
.that a fraction 2a/ct of the kinetic energy of the electron is radiated 
away as X-rays. The product ct is the width or thickness of the 
pulse generated due to the stoppage of the electron of diameter 2a. 
Hence, the fraction of the energy radiated is inversely proportional 
to the width of the resulting pulse or the time t of stoppage. The 
more rapidly the electron is brought to rest , the greater is the portion of 
its energy that is radiated. If t is so short that the electron travels a 
distance equal to its diameter during that time, i.e., when ct = 2a, 
all of the original kinetic energy of the electron would reappear as 
X-radiation. If, however, the electron is not stopped as quickly as 
this, only a fraction of its kinetic energy will be radiated away. 
As it is reasonable to assume that an electron moving with a given 
velocity will be stopped more quickly when colliding with a heavy 
atom than with a lighter one, a more powerful X-ray beam should 
be produced when a heavy metal such as platinum is used as target 
in the X-ray tube than when a light metal such as aluminium is 
employed, other conditions being equal, which is borne out by ex¬ 
perimental observations. 

Again, if«s is the distance travelled by the electron in the time 
t , then s — 1 lzft 2 — v 2 /2 /, and the expression for the total energy 
radiated can be written using (4) as 

2e 2 t? 4 2e 2 vH e 2 . ^ 

3c 3 * 4s 2 ' 3^3 * iTTiJJp = 'W **■ 1 ; 

This relation predicts that the energy radiated increases very 
rapidly with the velocity of the electron . Experiment shows that the 
quality of the radiation from a given X-ray target increases roughly 
as the square of the kinetic energy of the electron, i.e., as v 4 , which 
is, at least, not inconsistent with the theoretical prediction. We also 
note that the energy radiated is inversely proportional to the distance s 
within which the electron is stopped , 

This discussion is known as the classical electromagnetic pulse 
theory of X-rays. It was shown by Stoney that if a stream of such 
pulses is analysed into wave-trains, the components of shorter wave¬ 
length are the more in tense the greater the velucity of the electrons 
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that are brought to rest by the target. Ife also proved that matter 
should, in general, be more transparent to shorter waves than the 
longer ones. The “hard” or penetrating X-rays should therefore be 
produced by high voltage applied to the X-ray tube , which is in fair 
agreement with experimental facts. 

(b) Vibrating electron. This case is of interest, since, accord¬ 
ing to the electromagnetic theory, light radiations arise from the 
vibrations of electrons in atoms and molecules. Let us determine the 
energy radiated by an electron which having been set into vibration 
by some disturbance, is executing simple harmonic motion about an 
equilibrium position. The equation of motion of such an electron is 
given by 

x = A sin % rvf, 

where x is the displacement of the electron from its equilibrium posi¬ 
tion at time t % A the amplitude of vibration and v the frequency. 

The acceleration of the electron at the instant considered is 
given by 

d 2 x/dt 2 = — 4tt 2 v 2 A sin 27rv(. 

* 

Using the relation (3), the amount of energy dW radiated in 
time dt is given by 



2e 2 a 2 

~5c*~ 



2*2 

— • ( — 4?r 2 v 2 A sin 2ttv*) 2 

oC a 



32 7 T 4 e 2 
3c 3 


v 4 A 2 sin 2 2nvt . dt 


The energy radiated during a complete vibration is obtained 
by integrating the above expression over an entire period, t.e., bet¬ 
ween limits t — 0 and t ~ 1 /v 




(sin 2 rvi) dt 


Putting 2nvt = <p, dt = dtp/2nv ; when t — 0 , «p = 0 ; when 
t — 1 /v, <p = 2n. Hence, substituting these new variables, 



32 e 2 
3c 3 



sin 2 9 d<p 
2 7TV 
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sin 47 t 
4 


[ 77 ] 


_ IGtt 4 e 2 v 3 A 2 /7 ^ 

= gp — j 

This expression divided by the period T = 1 /v represents the 
average energy loss per sec . Further, if the energy loss in a single 
period is small, the energy of the vibrating electron can be expressed 
by the aoproximate differential equation : 

JW 16tt 4 v 4 e 2 A 2 

dt “ 3r 3 1 

the — ve sign being used, since the electron will gradually lose 
energy by radiation. Considering the total energy W 0 of virbation, 
w 0 - v. m (o wor ) 2 , where m is the mass of the electron, and v m ~t 
velocity at the eouilibrium position, 

Vmaw = (dxjdt) maK (2ttv A cos 2 ttv*) maz 
= 27rv A. 

W 0 = r /a 171 X 47T 2 v 2 A 2 = 27T 2 m v 2 A 2 *•* (9) 

Introducing this result (9) in relation (8) and assuming 

W = W 0 at t = 0, we get 

dW _ 8tt 2 v 2 e 2 w 

dt 3 me? ' 1 


mat d 


where W is the energy of the electron at the instant t. 

The solution of this equation is : 

W = W 0 r* ••• ( 10 ) 

where k = 877 2 v* c* / 3 mc 8 . 

This relation (10) shows that the amplitude or energy of the 
vibrating electron decreases exponentially, subject to “damping” due 
to the process of radiation. Hence the vibrations will soon die out, 
unless energy is supplied to the electron from some other source. The 
vibrating electron, left to itself, will not describe a stable constant 
path. If the vibration consists of a circular motion, the electron 
will travel a spiral path approaching the centre and thus destroy its 
own stable circular orbital motion. 

Considering the fraction p of the energy radiated away per 
complete vibration, using equations (7) and (9) 

W x _ I 67 r 4 e 2 v 8 A 2 1 

^ W 0 3c 8 ^ 27r 2 wv 2 A 2 
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87T 2 eS 
3J71C 3 * V 



According to this relation (11), p is directly proportional to the 
frequency v of the vibration and has the same frequency as the 
vibrating electron- 

It will be seen later, in the studv of the structure of the atom 

* V 

and of spectral lines, that the above inferences drawn from the 
inevitable conclusion of the electromagnetic theory, viz. any accele¬ 
rated charge must radiate energy ^ are contradicted by sure experi¬ 
mental observations. Herein, therefore, lies one of the limitations of 
Maxweirs theory. 


(c) Continuity of action. Since, according to the theory, the 
electric and magnetic fields vary continuously with time, the flow of 
energy in an electromagnetic wave should be continuous over the 
entire wave-front. Even if the wave-front is magnified indefinitely, 
it should still be continuous, t.e., should show no structural discon¬ 
tinuity, since the electric and magnetic vectors of which the wave is 
composed have no structure and may assume any value from zero up. 
An immediate consequence of this state of affairs is that radiation of 
energy also must take place in a continuous fashion. The quantum 
theory, backed up by numerous experimental data, is in direct conflict 
with such a conclusion, as we shall presently see. Hence this continuity 
of action forms another great imperfection of the electromagnetic 
theory. In spite of these drawbacks, Maxwell’s theory was reigning 
supreme till the end of the last century, until it was seriously called 
in question by Planck in connection with the difficulties encountered 
in reconciling theory with experimental observations on “black body” 
radiation. 


QUANTUM THEORY OF RADIATION 

Origin, We have seen that according to the electromagnetic 
theory when bodies radiate energy, they will continuously run down 
unless they are replenished to make up for the loss of energy due 
to radiation. In the caso of thermal or heat radiation, it is there¬ 
fore possible to obtain thermal equilibrium, t.e., to keep the radia¬ 
tion emitted by a body at a constant Value by maintaining the 
body at a fixed temperature with the help of some heat-giving source. 
Under these circumstances, the body gives out as much radiation 
as it receives. Further, if_ the body has no ref )Anting powe r at all 
it absorbs all incident radiation and henceap pears black ; the 
radiation emitted by it is known as the “black body radiation”. 
In practice, it is not easy to realise a perfectly black body, but a:a 
enclosure provided with a single opening, technically known as a 
cavity , possesses nearly all the desired attributes of the black body, 
Binee radiation entering the enclosure through the small opening 
will be reflected back and forth many times inside the enclosure 
so that it will be almost completely absorbed before it could get 
out again through the opening. Such a cavity maintained at anj 
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desired temperature will constitute a source of black body radiation, 
known also as cavity radiation for obvious reasons. 

As early as 1859 Kirchoff discovered that (i) a black body not 
only completely absorbs all the radiation falling on it, but also, con¬ 
versely, behaves as a perfect radiator when heated, and (u) the 
radiation from such a body depends only on the temperature to 
which it is raised and not at all on the nature of the body. In other 
words, the interchange of energy between the body and the surround¬ 
ing space in which the body is situated will lead to the establishment 
and maintenance of a state of equilibrium completely defined by the 
temperature. In this state of equilibrium the enclosed space will be 
filled with radiation whose spectral distribution and total intensity 
are functions exclusively of the temperature. 



Kirchoff 


Boltzmann 


In the study of black body radiation a special interest vas 
attached to the spectral distribution of energy in the emitted radia¬ 
tion. How was the energy distributed among the various wavelengths in 
the spectrum and at what wavelength was most of the energy emitted 
Naturally, the electromagnetic theory, then prevalent, was applied to 
the problem but it led to wrong and inconsistent results not agreeing 


with experimental data. 

In 1884 Stefan and Boltzmann, using the idea of the pressure 
exerted by radiation according to the electromagnetic theory an 
thermodynamical principles, showed that the total energy density, 
i.e ., the energy of radiation in unit volume of space due to all t e 
different wavelengths in the spectrum was proportional to the fourt 
power of the absolute temperature of the black body. This is 
what is known as Stefan's fourth-power law of black body radiation, 
which evidently does not throw any light on the energy distribution 
among the different wavelengths in the thermal spectrum but refers 
only to a globular effect. 
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Prof. Wien 


with 
can 


the fifth power of the 
be combined into one 
K A " 5 / (A T), where K 


In 1893 Wien, in order to find the actual distribution of energy 
in the thermal spectrum, considered the case of an enclosure full 
of black body radiation expanding adia~ 
batically with a velocity small compared 
with that of light and proved bv 
thermodynamical reasoning that after 
such an expansion the radiation still 
remained full but was characteristic of 
the new temperature. From a know¬ 
ledge of the work done by the radiation 
pressure during the adiabatic expansion 
the new distribution of energy could 
be obtained. In this way he was able 
to establish two laws known as Wien's 
displacement laws , viz., AT = a constant 
and ET ' 5 = a constant, where A is the 
wavelength corresponding to the tem¬ 
perature T and E the emissive power. 

The first law shows an inverse variation 
between tbe wavelength and absolute 
temperature of the source, while the 
second a direct variation of the emissive 
power for a radiation of wavelength A 
absolute temperature. These two laws 
general relation which is expressed as E = M 
is an absolute constant, f (AT) some function of (AT‘ 

“ aking „ s t °“ e arbitrary but plausible assumptions which 

“Srf 2 c SboC WientbSct"th? f»l'i.?' P " ed “ **”■ “t~ 

the energy distribution : ° followin g expression for 

dE — KA -5 e a l^ . dA (Wien*s formula) 
where K and a are constants. 

“icSdt. TtS”, the ener p 

wavelengths Irom zero to infinity This • • /• j 

broken nn mtn ra aiation is imagined as 

such wav« tinin? hr ^ m c , wave trains - Next the number of 
such wave trams or independent modes of vibration Ivins within 
a certain wavelength ranae A i i • uraiaon J>ing witmn 
; n „ tihft sa y/ to A + (fA is determined by applv- 

enuioar tftion nf ® atlS,1Cal mechanics - . Finally using the theorem of 

and hence the enervv d’i<!t ?, e *?? r ^y carried by each mode of vibration 

obuined ' The 

4 a l A ^- • dA (Rayleigh-Jeans formula), 
where B and a are constants. 

basis ^rZSlTVeZTled tJ di , stributi ? n darived on th « 

Thus, for instance, in Wien’s f L l ^ ^ a t Urd conclusi °™- 

^ -< 
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Stefan’s fourth power law. Likewise, in Rayleigh-Jeans formula, the 
energy radiated in a given wave^ngth range d\ increases rapidly as 



Sir James Jeans Lord B&yleigli 


A decreases ana approaches infinity for very short wavelengths, 
which, however, cannot be true. Further, if the expression be integ¬ 
rated over the whole range of wavelengths from zero to infinity on 
the basis of the classical continuous emission, the total energy thus 
obtained turns out to be infinite for all temperatures except absolute 
zero, which is clearly an absurd conclusion. 

Nor did the formulae stand the test of observation , since all of 
them failed in one way or the other when compared with experiment¬ 
al data obtained with great care 
and precision by different work¬ 
ers, such as Paschen, Lummer, 

Pringsheim, Rubens, Karlbaum 
and others. During the years 
1893 to 1897 'Lummer and 
Pringsheim carried out a series 
of researches on the energy 
distribution in the spectrum 
of “black body” radiation. The 
radiation was produced by uni¬ 
formly heating a hollow en¬ 
closure with a small opening ; 
the thermal spectrum was ob¬ 
tained by refraction through a 
prism of fluorspar, which is very 
transparent to infra-red radia¬ 
tion. A. bolometer was used to 
measure the radiant energy cor¬ 
responding to small ranges of 
wavelength along the spectrum. 

The experiment was repeated 



rig. 169. Energy distribution in 
‘black body 5 radiation. 
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for different emission temperatures between lyOOCPCand 1,650°C. 
Their results arc represented graphically in Fig. 160, where the 
amount of energy emitted in a narrow wavelength range is plotted 
against the wavelength of each range. The different curves are 
obtained for the different temperatures at which the black body is 
maintained. 

The total energy oI radiation at any one temperature is given 
by the area between the curve corresponding to that temperature 
and the horizontal axis. The area is found to increase according to 
the fourth power of the absolute temperature. Thus Stefan’s law is 
verified. The wavelength corresponding to the maximum energy 
represented by the peak of the curve shifts to shorter wavelength 
side as the temperature increases, as is to be expected from Wein’s 
displacement law : AT a constant. 

Paschen showed that Wien’s energy distribution formula agreed 
with the experimental curves for short wavelengths but not for long 
wavelengths. On the other hand, Rayleigh-Jeans formula could be 
made to fit the curves, as Rubens and Karibaum showed, in the 
region of long wavelength only. None of the theoretical formulae 
could therefore account for the shape of the radiation curve over its 
entire wavelength range. However, since the theoretical derivations 
vere free from error, an anomalous situation had to be accepted in 
the disagreement of theory with experiment, unless one assumed 
that the fundamental assumptions of: the classical theory were at 
fault. This was what exactly occurred to Planck, who, in conse¬ 
quence, proposed in 1901 a new revolutionary hypothesis known as 

the theory of quanta , by means of which he was able to derive the 
correct law of thermal radiation. 


Planck s theory of quanta. Planck’s chief aim was to make 
theory fit the experimental facts. The classical theory, due to the 
assumption that the energy-changes of radiators take place conti¬ 
nuously, had led to inconsistent results. Planck therefore argued that 
c c assica i ca of continuity of action might be wrong and propos¬ 
ed, instead that the energy changes could take place only disconti¬ 
nuous y anc iscretely, always as integral multiples of a small unit 
energy, w ic he called quantum. With this statement, the 
quantum theory came into being, although Planck himself did not 

S all f e then J* e breaching consequences of his new idea. He 
• ’ - <>n ? e , a ^ a correct radiation law. For this purpose, 

fin t\ & a ® sun jc t iat the cavity of an experimental black body was 
«uf*L ^ ncal linear oscillators of the Hertzian type, since 

i t a T i . a< ^ k ecn shown to give a final confirmation to the 
„ ,eor y by their actual production of electromagnetic 

t i 4 f a ion emitted by the oscillators would eventually fill 
rA ♦ 1 ‘ an( reach equilibrium at some definite temperature, when 

TTnrW tL o W0U d i b ?* bofch absorbed and* emitted by each oscillator. 

C0n 1 f ,l0ns an 3 r oscillator would affect only radiation of 
requency as that of itself and in consequence there would 

28 
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be a definite ratio between the density of radiation of any given fre¬ 
quency and the average energy of the oscillators of that frequency. 
In this way the problem of the spectral distribution of radiant energy 
present in the cavity could bo reduced to that of the average energy 
of an oscillator at a given temperature. 

Next, using his quantum idea, he supposed that the linear oscil¬ 
lators can vibrate only with the integral energy values o, e, 2e, 
3where e represents the elementary quantum. Applying the 
ordinary laws of probability to such oscillators he was able to find 
for the average energy per oscillator the expression : 


E = 


tjk T. 


c/fcT 


In this relation, if s is very small tending to zero, e ' — 1 tends to 

zjlcT so that the average energy becomes equal to kT which is the 
value derived classically on the basis of cquipartition of energy, 
which, however, should be avoided. Hence s must be made to be 
equal to a finite quantity greater than zero. If e were to be assumed 
a simple and absolute constant, one would arrive at pure atomicity 
of energy as in the case of electricity of matter. Planck did not wish 
it so, since he wanted to reconcile theory with experiment and the 
formulae of Wien and Rayleigh both contained a function of (AT) in 
the index to the exponential base. He therefore assumed that e was 
proportional to 1/A, which means that e was proportional to v the 
frequency, so that e — Av, where h is a constant of proportionality. 
The expression for the average energy per oscillator then becomes 

Av 

E — -1- 

hvjkT 

e — 1 

W hen this average energy per oscillator is multiplied by the effective 
number of independent resonating modes of frequency v per unit 
volume in the cavity, the energy density is obtained. Now the 
number of modes of vibration per unit volume lying within 
wavelength range A and A -j- dX can be shown to be equal to b^A 
Hence the energy distribution law can be written as 

</E = SttA ' 4 (/A - V 


the 

WA. 


InjkT 


— 1 


and in terms of A, since v — c/A, 

dE =. 


HnhcX *d A 

" hefk-wr 


(Planck’s formula) 


Iced, which 


e — 1 

This formula fits the experimental curves very well, indeed, 
argues to its correctness. Furthermore, the classical formulae can 
be deduced from it as particular cases holding good under certain 

assumptions. 


hcjk \T 


Thus for short ware lengths e. ' becomes large com 
u nity so that Planck’s formula reduces to 



to 
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dE = Sir/tcA * 5 (e hcfkXTy d\ 

= KA~ 5 (e' a / XT ) ^A (K and a being constants) 
which is Wien’s formula. 



For long wavelengths e 
hc/krv 
cX T). e so that 


<iE = 87 t^cA ~ 5 


hcjkX T 


— 1 becomes nearly equal to 



hcjkX T d\ 


= B A' 4 T e _a /^T dX (B and a being constants) 
which is Rayleigh-Jeans formula. 

Differentiating Planck’s formula with respect to A and equating 
it to zero, Wien s displacement law (AT = a constant) is obtained 
for the wavelength corresponding to the maximum energy emission 
at a given value of T. The theoretical value thus calculated agrees 
very well with that given by the experimental curves. Hence 
ancks theory of quanta was able to interpret adequately the 

different characteristics of black body radiation, while the classical 

theory broke down badlv. 

* 

The essential feature of the new theory, which places it in 
direct conflict with the electromagnetic theory is that radiation is 
emitted and ■absorbed not continuously but in discrete units, one at a time 

J°rT nt ° f energy ,n each Unit being given b y the product Av 

and tf f “ consta, “ t no "’ universally known as Planck’s constant 
and v the frequency of the radiation. 

QUANTUM THEORY OF RADIATION 
LIGHT QUANTA OR PHOTONS 

The new ideas introduced by Planck about radiation were too 

one°of theXst 0 to U ° W their ™ mediatl! acceptance. Einstein was 

differ nt nroblems in their importance in the solution of 

r fit problems in quite different fields of’ Physics all nf w Kinl, 

appeared insoluble on the basis of the classical theory As a matter 

first^in PloT to tbc t0 h a r Pl | y the < l ,1 1 antum inception of radiation 
♦n! ’ V, 5 ’ r . photoelectric phenomenon and then in 11107 to 

macle use°™ tho^lfeVh 3 ' 1 * 8 ' vit h. reniarka hle success. In 1913 Bohr 
. ® e * the same theory in his analysis of atomic structure and 

si - 1923 wA vszz! 

tion is r e“i*ttari P ^“‘i 0n 1 s . i *^?“ , ” ei ’ r « , W that not, only radio, 
the same Quantum t S ° + ef * m ^ 1Sc . ro ^° arn °unts of quanta, but also 

through space, very^uchTke T^hot fir ^'f aM ° n WhUe trave . llin g 
SDreadino- nut ^^ , . Kc a fired from a gun, without 

of Planck’s originanTT* Ti an *^ su PP 0sef i etlier. This is an extension 

sidered corm/JruIn esis an( l according to it, radiation is con- 

P • r in nature , made up of discrete quanta or photons 
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as they are now called, which are shot out in space with the velocity 
of light. It should be noted that this corpuscular aspect of radia- 
tion becomes noticeable only in those particular problems where the 
energy changes between single atoms and radiation are to be consi¬ 
dered, but not in those where radiation interacts with matter in bulk 
consisting of a very large number of atoms. 

This particle-picture of radiation appears very much like a 
return to Newton’s corpuscular theory but it is not quite so. For, 
while Newton thought that radiation was solely made up of discrete 
minute material particles, the photons are considered as discrete 
quanta of energy given bv hv, which therefore involve the frequency 
v of the radiation. This means that the photons, unlike the light 
corpuscles of Newton, include in their very concept the wave nature 
also of radiation. 


As a matter of fact, photon is a synthesis of the dual nature of 
radiation , wave and corpuscular , which aspects are now regarded as 
complementary rather than antithetical. The reason for this is that 
the wave nature of radiation cannot be completely given up since 
that alone and not the other quantum idea can account for the 
phenomena of diffraction and interference, to explain which precisely 
the wave theory was postulated. On the other hand, only the quan¬ 
tum conception of radiation can explain adequately the phenomenon 
of black body radiation, photoelectric effect , etc. Hence, if we wish 
to interpret satisfactorily all the radiation phenomena, we are forced 
to attribute a double aspect to radiation/* We shall now consider 
some of the characteristic properties of radiation under this most 
comprehensive idea of photons. 

({) The existence of photons. The evidence which experi¬ 
mental facts provide for the real existence of photons is of the same 
general nature as that which we have from experiments proving th e 
existence of electrons. In each case, experiment suggests an indivi¬ 
sible entity having definite quantities associated with it—*e’ and ‘w 
for the electron and f and ‘c’ for the photon. Fractions of a photon 
are as unknown as fractions of an electron. Photons may be consi¬ 


dered as retaining their individual identities through all changes ex¬ 
cept that of being completely absorbed into or emitted out of an 
atom or molecule. They may change their energies, but then tn©y 
adjust their frequencies to their new energy contents so that each 
photon remains a complele unit. The radiation v ith which 
usually deal in Atomic Physics is produced by disturbances in sing e 
atoms and it is found to be a general law that every such distur¬ 
bance produces one and only one complete photon. 

(ii) The energy content of photons. The energy content o 
a photon is always found to be in terms of the quantum represen c 
hy liv. This quantum unit, however, is not the same for all kin s 
of radiation, since it depends on the frequency v which varies wi 
different radiations, as we have already seen in connection with _ 
electromagnetic spectrum. In the original quantum theory e 
energy of the photon wasa-lwaj's considered to be an integral multip 0 
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of fcv as /tv, 2Av, 3Av.n/iv. But in the new -quantum or 

wave mechanics it is further refined to a value {n + 3 / 2 )Av, n being 
an integer, which means that the limiting value of the energy of a 
photon is not zero but */ 2 hv. The energy of the photon is independent 
of its intensity t depending only on its frequency f a concept contrary to 
classical ideas where radiation is considered purely as waves and 
energy estimated by the intensity of the wave disturbance, dependent 
on the physical properties of the medium. Intensity, according to 
the quantum theory, simply gives the total number of photons in a 
beam and has no relation whatever with the energy of the individual 

photons in the beam. The energy depends only on the intrinsic 
properties of the photons, 

(in) The mass and momentum of photons. Since the 
photons are all propagated with the same velocity of light, the theory 
of relativity can be legitimately applied to them. One of the very 
important consequences o:i this theory is the mass energy equivalence 
according to which, therefore, the photon must possess mass of its 
own given by the relation rn = Av/c 2 , since hv is the energy of the 
photon. Further, as the photon is always in motion, it must also 
have a momentum just as in the case of material particles in motion 
with this essential difference, however, that all photons move with 

the same velocity c while material bodies move with variable and 

clmerent velocities which can never reach c but can only approach it 

asymptotically. The momentum of the photon can be readily 
obtained as follows : J 


Momentum ~ mass x velocity = 


Ztv 


(I“ c 

, flie experimentally observed Compton effect in the scattering 

f ffCr !, <hrC u t evidencc of the existence of the mass and 

mentum for the photon, since with these assumptions alone and 

tnm^ J, ie quantities Av/c* and /<v/c to represent the mass and momen- 

-X-ray photons, the different characteristics of the pheno- 
menon are completely interpreted, 

different '♦ lntore ® tln 8 t0 consider the masses corresponding to the 
nhot.nn k l’ yiK S °f Photons. If the wavelength or frequency of the 

£2 g ^ Cn by h ' J = hc > X > can be calculated 

h'j „ U | U V' (*' us ' ri g the relativistic equation 

visible lieiit Je When the photon has the wavelength of 

of the mass of o deteri ” med as given above is a few millionths 
Ot tne mass ol an electron. In the case of an X-rav nhoton the mass 

.s about a ten-thousandth that of an electron A ?-rav photon ha 

mass comparable to that of an electron and more The photons of 

2il r d u h Z m s ! qual t0 that <>f h > ,dr °g c n and helium atoms. 

matter l ,h " tons such a « T-rays by the annihilation of 

observed a nr .T vi ^ m .i° pesitrons and electrons have been actually 
oDserved. Applying the relativistic relation 


x c 


Av 


W = hy = me' 2 — 


m Q c 2 
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to the photon, since the photon always travels with the velocity of 
light, c while its energy content hv is always finite, it follows that the 
rest-mass m 0 of the photon approaches zero in such a way that as v 
approaches c its energy always approaches the value hv. Herein lies 
an essential difference between matter and radiation, viz. the rest 
mass of a photon approaches zero, nay, is even equal to zero, where¬ 
as the rest-mass of a material body has always a finite value greater 

lan zero. In consequence, a s} 7 nthesis between matter and radia¬ 
tion cannot be simple but really complex. 

('ll ) The constant 6 h 5 of the photon denotes an elementary 

° r entity of action. It has the dimensions of action 
which is energy x time, as readily seen from the following considera- 
twn : Energy of photon Av = h/T, where T is the period of 
oscillation. Hence h = energy x period of oscillation = energy x 

* J ^ le a i- 1S r* S C0ns ^ an ^ which is responsible for the discrete 
in lv i uality of the photon, which makes radiation behave like a 

partic e. Its numerical value as obtained from theoretical calculation 
and numerous experimental observations is 6*55 x 10‘ 27 erg. sec, 

(t) Photon statistics. The different properties of radiation 
which is made up of photons can be readily understood by applying 
i ^e laws of statistics to a large assembly of photons, as is done in the 
inetic theor}' of gasses. Radiation is pictured as a sort of gas made 
up of photons that are endowed with random haphazard motions like 
t c molecules of a gas. There is an important difference, however, 
between an ordinary gas and the “photon” gas. Whereas the mole¬ 
cules of a gas rush about with different velocities and different 

photons all travel with the same velocity c, though with 
different energies Zjv. Just as the pressure of a gas can be imagined 
to be due to the impacts of the molecules, the pressure of radiation 
can be considered as resulting from the impacts of its photons. Just 
as the density of a gas at a point is a statistical concept and is 
proportional to the chance of finding a molecule at that point, so 
also intensity of radiation may be statistically defined aa proportional 
to the chance of finding a photon at tho point considered. The 
temperature of radiation like the temperature of a gas is also a statis¬ 
tical idea. One cannot speak of the temperature of a single photon 
any more that of a single molecule. The energies of the separate 
photons conform to the statistical law known as Planck’s law, just as 
the energies of the molecules of a gas follow Maxwell’s law. 1 

The “black body” radiation dependent solely on temperature 
can be imagined as a crowd of photons moving equally and indis¬ 
criminately in all directions, just as the molecules of a gas in tempera-' 
ture equilibrium. With this picture, Stefan’s fourth power law can 
be readily deduced. While the black body radiation arises from a 
random crowd of photons, a beam of radiation can be thought of as 
a regular shower of photons all moving in parallel paths and its 
property of polarisation can be accounted for by the angular momen¬ 
tum in the photons which constitute the radiation. -Planck’s constant 
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l h' has the same physical dimensions as angular momentum and 
supposing that all the photons in the beam spin with the same 
angular momentum 7?/2rr, which may be clockwise or anti-clockwise, 
the different types of polarisation, circular, elliptic and plane as well 
as non-polarisation can be readily explained. 

U' 2 ) Non-electrical nature of photons. The photons that 

constitute radiation are electrically neutral and are not therefore 

affected by electric or magnetic fields ; hence also they do not ionise 

directly by themselves. The ordinary methods used in the case of 

charged particles cannot be used directly to detect photons or make 

measurements of their energy or intensity 7 . As a matter of fact, all 

t hr instruments used in their analysis are sensitive not to them as 

such, but to the secondary effects produced by their interaction with 
matter. 

TWO IMPORTANT APPLICATIONS OF THE QUANTUM 

THEORY OF RADIATION 


m 


k 


( 


The quantum theory has had many triumphs in the realm oi 

lii i' 1 11 ill be indicated in their appropriate places. 
Lor the present, we shall limit ourselves to the two important cases 
to which the theory was applied with great success and which, in 

consequence, became its formidable experimental supports. They are 

the photoelectric and Compton effects. 

The photoelectric effect. As wo have already seen, the four 
essential features of the photoelectric phenomenon, viz., (i) the 
singling out of one atom among a hundred million contained in a 
metal by the incident radiation to produce the effect, (ii) the inde¬ 
pendence of the velocity and energy of the photoelectrons from the 
intensity of the radiation on the one hand and the striert dependance 
ol the same quantities on the frequency of the radiation on the other 

nim.Q ®? ,stenc ® ® f the , threshold frequency and (iv) the instanta- 
r, ln Tl of the photoelectric emission, cannot be understood 

131 2)° n ^ baSlS C aSS1Cal electrorna 2 ne tic theory. ( Cf . pp. 

cess arZu'" ap , ,)hed thc quantum theory to the photoelectric pro- 
rC mS ,ne i a COn " ,St ° nt satisfactory explanation of all the 
reaaXl CX V CT ' m ? nt * [ ^ts. In this theory, radiation is 

X ht rru Pv* 0 " 8 ’ cach of ener gy Av. moving in space 

nhotan I' ty > ° f ,ght i No ":* assuming that a collision between a 
the atom o n'rl'Vhf m rosu ts ln the absorption of the whole photon by 

tioally the total enerj^ of” the^nhoToi^ * photode . ct ™ n witl1 P rac ‘ 
exnkimi inn nf „ photon, one can obtain at once an 

this assumntion V pwi men tally observed facts. Einstein expressed 

electric 1 equation f ° ll0Wmg kn0Wn as Einstein’s photo- 


hv = 1 mv2 + w. or i mv 2 = Av _ Wg 
hv is the energy of thc photon absorbed by the emitter, $ mv 


Av — w 0 
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the kinetic energy of the photoelectron and w 0 the energy spent in 
extracting the electron trom the emitter to which it is bound. 

This relation clearly shows why :— 

( 2 ) the velocity of the photoelectron is directly proportional to the 
frequency of the radiation . For w 0 being a constant for a given 
emitter, if the frequency v of the incident radiation is increased or 
diminished, the value of hv and consequently the energy (i mt' 2 ) and 

the velocity v of the photoelectron will be proportionately increased 
or decreased. 


(u) the velocity of the photoelectron is independent of the intensity 
of radiation. For, keeping the frequency v of the radiation constant 
and increasing the intensity would, according to the theory, merely 
increase the number of photons striking unit area of the emitter in 
unit time and proportionately the number of collisions resulting in 
photoelectric emission : but there would be no change in the nature 
of each collision ; each photoelectron would receive exactly the same 
energy Av and would acquire the same velocity regardless of the 
intensity. But an increase of photoelectric current with an increase 
in the intensity follows from the picture of greater intensity being 
due to an increased number of incident photons, assuming a constant 
value for the probability of absorption of a photon by an atom on 
account of the large number of photons and atoms involved. 

( Hi ) there exists a threshold frequency which varies with the nature 
of the emitter. Since the electron finds itself electrostatically bound 
to the emitter, a small portion of the energy Av absorbed by the 
emitter will be used up to free the electron from its bondage, so that 
the photoelectron will be expelled only with the remaining amount. 
Now, if the frequency of the incident photon is reduced, the kinetic 
energy of the photoelectron becomes less and less reaching zero at a 
value v 0 given by Av 0 ,= iv Q . As lower frequencies of the incident 
photon cannot set free the electron from the emitter, photoelectric 
emission is not possible under the circumstances. Hence there should 
exist a critical frequency v 0 (threshold frequency) of the incident 
beam, above which alone the phonomenon can occur. The quantity 
Av 0 is called the photoelectric work function, since it represents the 
work done by the photoelectron to extricate itself from the bondage 
of the emitter. The variation of the threshold frequency with diner- 
ent metals is accounted for by the different degrees of bondage of the 
electrons in different metals. 


( iv ) there is no time-lay in the process. 
conceived as a collision effect between two 
the atom. 


For, the phenomenon is 
particles, the photon and 


Thus every one of the characteristic features of the photo¬ 
electric effect receives an adequate interpretation on the quantum 
theory principles. 

Some important remarks about Einstein’s equation. (#) 

If the atom, which is involved in the process, lies on the surface oi 


einstein’s photoelectric equation 
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the metal, the photoelectron escapes into the surrounding space with 
the amount 01 kinetic energy given by Einstein’s equation. Other¬ 
wise, it may lose part of its energy in passing through a layer of 
matter. This explains the existence of photoelectrons whose energies 
vary from a maximum value down to zero. If the incident radiation 
penetrates a distance equal to many atomic diameters in the metal, 
photoelectrons can originate at different depths. Now in order to 
reach the surface they have to pass by many atoms and collisions 
would be probable, at each of which they might lose some ot the 
energy Av and hence would reach the surface with less energy than 
Av. At the surface they have to give up a further amount w 0 to 
overcome the surface barrier and finally emerge with energy 
1 j 2 mv 2 = Av — w c — w 0 , where w e is the energy lost by collision, 
which is variable from electron to electron depending on the depth 
of their place of origin and the subsequent collisions encountered. 
Some electrons can therefore emerge with zero velocity having lost 
all their initial energy Av in collisons and at the surface barrier. In 
any case, the maximum kinetic energy is given by Einstein’s equa¬ 
tion which may be written as 

Va “ h'J Wq 

( b ) With high frequencies of the incident radiation, as in the case 
of photoelectric effect produced by X-rays and y-rays, the photo¬ 
electrons will acquire very high velocities, comparable with that of 
light, so that relativity corrections will have to be applied and the 
factor x j 2 mv 2 in the equation has to be replaced by the corresponding 
relativistic expression for kinetic energy 

m Q c 2 \ - 7== : — 1 f , where 8 — — 

( Vl - p 2 ) c 

This fact offers an indirect means of testing the validity of the theory 
of relativity. 

(c) In the photoelectric emission caused by high frequency radia¬ 
tions such as X-rays, y-rays, etc., the different electronic levels in the 
atom known as K, L, M, etc., levels must be taken into account. 
The reason for this is that, while in the ordinary photoelectric 
eftect, i,e., with light of low frequency, the photoelectrons originate 
from among he so-called “free electrons” in the metal, in the 
X-ray and y-ray photoelectric effect they arise, at least principally, 
from the deeper-lying inner levels of the atom. Einstein’s equation 
for these photoelectrons is usually written as 

Va wv R 2 = Av — w K , l / 2 mv l f — Av — w L etc., 

where r K , v L .represent the velocities of the photoelectrons arising 

in the K, L-levels and w K , w L .known as the binding energies 

of the X, L.levels denote the work of extraction of the electrons 

from these different levels. Hence, even with a monochromatic 
beam of X-rays or y-rays of a given frequency v, the photoelectrons 
emitted from a given substance will possess slightly different energies, 
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done nthe « trZT P °“ , ?, g t0 , the different amounts of work to be 

done m the extraction of the electrons from the different levels. 
Further, it can be shown that wv > w. the K level being 


^ > w L > 

the LDh^oeWtr ^ 6 a ^ om » L next and so on. Hence it follows that 

photo/lcctroT s h aV t/ g [ eatcr eiier «y and velocity than the K 
velocity than th^T ° ^ photoelcctrons a greater energy and 

photoefectrie * 0n ,?‘ Y Fr ° m this wmsideration we see that the 

be very comnlpY in '■ 1 n^*l? ,V and ^* iav re g*ons of radiation will 
beams It nm ’) es P ecjad J we have to deal with heterogeneous 

the energies ° 110 6 ^ ere we ^ ave a means of determining 

g u ’l .of the electronic levels in the atom. 

the th \ Photoelectrons. There is no difficulty about 

come frnrn CCtrons Produced by X- or y-rays. They 

and hpTipp A \ er . ei }^ e ^ ec t ron jc levels in the interior of "the atoms 
class?' 1 ° 110 °£? glI)ate from the so-called “free” electrons of the 

nrorhipprl , e 0 I T\, regards the origin of the photoelectrons 

ed for cnmrw ,V1S1 C u ^ ra * v0 ^ e f light, opinion which prevail- 
tt " ime ^ as they came from the “free” electron famil} r . 

xl\Zt l r 2 acco 7 unt J of the man y objections raised against this idea, 
(cf n m9\ already noted in connection with the electron theory 
z/’^ * r 1 now admitted that these photoelectrons belong to 

\vp ree * 6 * ® c ^ r ® Ils obeying Fermi-Dirae quantum statistics, as 
e shaJ1 see m the chapter on quantum statistics. 

(e) The reverse of the photoelectric phenomenon is the mechanism 

oj production of X-rays . In Einstein’s equation 1 L mv 2 = — w 0 , 

lit e frequency v of the incident radiation is very high, as in the 

case o -rays the quantity w 0i the photoelectric work function, 

ecomes negligible compared to hv r so that the above relation 
reduces to 


^j%mv 2 = hv 

If this ^ equation is read from right to left we have the photoelectric 
e JT ec t> 4 the maximum velocity and energy of the photoelectrons 
ejected from a substance which is irradiated by a monochromatic 
radiation of frequency v. When the same relation is read from left to 
right ue have the X-ray phenomenon , i.e. r the production of X-rays 
of frequency v when high speed electrons of velocity v impinge on the 
anticathode of an .X-ray bulb. Hence the two phenomena are con¬ 
verse to each other, so that we have here an explanation of the pro¬ 
duction of X-raj^s on the basis of the quantum theory. 

(/) Einstein's law of equivalence. Einstein has formulated a 
law' governing the conservation of energy in the phenomenon of inter¬ 
action of matter with matter or matter with radiation conformable 
to the quantum theory. It is known as Einstein’s law of equivalence 
and finds constant application in Atomic Physics. It may be derived 
as follows :— 

Lot us suppose that an interaction takes place between a 
material particle and radiation, in w’hich a radiation of frequency v 
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has appeared or disappeared. Then the energy lost or gained by the 
particle according to the quantum theory is hv. If m is the mass of 
the particle and v its velocity, the kinetic energy lost or gained by it 
according to classical dynamics is '/ 2 mw 2 . By the law of conserva¬ 
tion of energy we have 

fev = l / 2 mv 2, ... (1) 

If the velocity v is very great, relativistic djmamics is to be used and 



Suppose further that the material particle carries a charge e and 
is subjected to a potential difference V. Then the kinetic energy of 
the particle is given by 

eV = kv ... ... ( 2 ) 

Combining (1) and (2) we arrive at Einstein’s law of equivalence : 

1 / 2 mv 2 = /tv = eV 


This is an important law which connects a great many phenomena. 
For instance, when the electrons of the cathode rays in a discharge 
tube having an energy eV are made to impinge on the anticathode, 
X-rays are emitted whose wavelength A is readily obtained from 


eV — hv — hcj\ 
or A = hc/eV 

Taking h = 655 x 10~ 27 erg. sec., c — 4-77 x 10~ 10 e.s.u. 
and c = 3 x I0 10 cms./sec.. 


_ 6-55 x 10- 27 x 3 X 10 10 
” 4*77 x lO' 10 x V CmS * 

Expressing A in A° units (10' 8 cm.) and V in volts (1/300 e.s.u.) 

6-55 x 10' 27 X 3 x 10 10 x 10 s 


A in A° — 


4 77 x 10 10 x V (in volts) x shv 
12345 

V (in volts) 



From this relation, knowing the P.D. between the electrodes of an 

X-ray bulb, we can readily deduce the wavelength and freauenev of 
the emitted X-rays. ^ 


e.g„ If V = 40,000 volts, A 

If V = 5 volts,- A 
is not an X-ray but ultra-violet light. 


12345 

40000 

12345 


0-3 A°. 


2469 A°, 


which 


5 
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(g) The order of magnitude of the quantities involved in the photo 
electric phenomenon is indicated in the table below : 


Radiation 



V = kvje v — eV/m. 


;; 

Elec, radiation I0 6 300 metres] 4 x 10~ 9 volt 


Visible light \ 5 x 10 14 6000 A° 
Ultra-violet 3 x 10 15 1000 A° 


2 volts 8 x 10 7 cms./sec. 


12 volts 


2 x 10 8 


X-rays 


y -rays 


3 x 10* 8 


10 2i 


1 A° 12000 volts i 6 X 10 9 


1 x.u 


10 6 volts comparable to light 


Eor electric radiations the energy hv is very small so that the 
photoelectric eflect is highfy improbable with them. Visible light has 
an energy of the order of 2 volts and we know that they cause the 
alkali metals to emit photoelectrons. Since this energy is comparable 
to contact P.D., in experiments on photoelectricity with visible light 
we have to make corrections for this source of error. Ultra-violet has 
still greater energy > 12 volts) and hence more effective in the 
production of photoelectrons by many more metals. Finally, enor¬ 
mous amounts of energies are involved in X-rays and y rays so 
that photoelectric emission should be one of the most important 
effects in their interaction with matter, as is actually found to be the 
case. 


Experimental verification of Einstein’s photoelectric 
equation. From the time of the enunciation of Einstein’s equation 
of the photoelectric effect, different workers such as Hughes at Cam¬ 
bridge, Richardson, Compton and Millikan in America and Maurice 
de Brogile in Paris have subjected the equation to experimental tests 
over a wide range of frequencies of the incident radiation. We may 
classify these researches into two categories, one for low frequencies 
for which Millikan’s experiment may be taken as typical, the other 
for very high frequencies for which Maurice de Broglie’s experiment 
may be cited as an example. We shall therefore briefly describe these 
two experiments. 

MILLIKAN’S EXEPRIMENT 

This experiment, performed in 1916, is well suited for low fre¬ 
quencies such as visible and ultra-violet light. 

Principle* The experiment is based on what is known as the 
“stopping potential”. Taking Einstein’s equation = Av — 0 

we see that the energy of a photoelectron leaving the surface of a 
metal receiving light of frequency v is equal to Av — w 0 . A measure oi 
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this energy is given by eV, where V is the l\I). which is applied 
between the emitting surface and a collecting electrode in order to 
prevent the photoelectrons Torn just leaving the emitter, the emitter 
being at a positive potential with respect to the collector. Con¬ 
sequently V is called the stopping potential as it just stops the elect¬ 
rons from leaving the surface. In terms of this quantity, Einstein’s 
relation is 

eV = 1 j 2 m v 2 = Av — w 0 
V = (-4-) V - 3. 

Now for a given emitter w 0 is constant ; h and e are also con¬ 
stants. Hence the above equation represents a linear relation 
between the stopping potential V 
and the frequency v of the radia¬ 
tion. Measuring V for different 
values ol v, if the results are plotted, 

V against v, we should get a straight 
line as shown in Fig. 170, if 
Einstein’s equation is correct. 

Further the intercept on the v-axis 
should give the threshold frequency 
v 0 for the given emitter from which 
w 0 = /tv 0 can be calculated. The 
slope of the straight line i e. f tan 8 
gives the coefficient (h/e) of v, which 
thu3 offers a means of estimating 
the value of h using the known 
value of e. If the value of h agrees 
with that of Planck's constant, 

Einstein’s equation is verified and the validity of the quantum 
theory established. 



* i. i 

vs. frequency. 


raatically shown in Fig. 171. 



^ *8* 1 J 1* Millikan’s apparatus. 


is diagram- 
employed as 
emitters sii^ce they readily ex¬ 
hibit photoelectric emission even 
with visible light. Cylindrical 
blocks of sodium, potassium or 
lithium were attached to the 
periphery of a wheel W so that 
the surface of any one of the 
blocks could be turned towards 
a rotatory knife K, towards the 
radiation L or towards a test 
plate S. As these metals get 
oxidised easily, the experiment 
was carried out in a vacuum 
tube. Further, the metals were 


The experimental arrangement of Millikan 

Alkali metals were 
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scraped by means of K and fresh surfaces were obtained. Monochro¬ 
matic light provided by a spectroscope entered the vacuum tube at 
L and illuminated the metal surfaces always fresh. The stopping 
potential of tJxe liberated photoelectrons was measured by raising 
the emitting surface to a positive potential just sufficient to prevent 
any of the electrons from reaching the collector which was a Faraday 
cylinder FF of oxidised copper gauze, not photosensitive to the light 
used, placed opposite to the emitting surface. This cylinder was 
connected to an electrometer and so acted as a detector of any elec¬ 
tronic charge that might reach it. The stopping potential under 
these conditions is the positive potential applied to the emitter which 
corresponds to zero current in the electrometer. 

Results* The experiment was conducted with different lights, 
from red to violet, and in each case the stopping potential was 
measured. Since the emitting metal was different from that used for 
the collector, it was necessary to take into account the contact P. D* 
between them. If V c is the contact P.D. and V s the actual retard- 
ing potential necessary to stop the electrons, then the experimental¬ 
ly measured stopping potential V is equal to V c + V, (algebraic sum) 
and the equation which represents what takes place in the experi¬ 
ment is 

e(V c + Vj) — hv — w 0 
* 

Millikan was able to verify this equation governing the actual experi¬ 
mental conditions. The quantity (V r + V s ) was determined directly 
by measuring the P.D. between the metal surface and the test plate 
S which was of the same material as the Faraday cylinder and had a 
similarly treated surface. 

On plotting (V c -|- V f ) against v he got a straight line. The 
intercept of this line on the v-axis enabled him to get at the value of 
the algebraic sum of the photoelectric work function and the con¬ 
tact P.D. Measuring the latter independently by Kelvin’s potentio¬ 
meter method, he was able to evaluate the photoelectric work func¬ 
tion. Also measuring the slope of the straight line, the value of (h/e) 
was got* Then substituting the value of e, h was calculated and was 
found to be (6*57 ^ *01) x 10' 27 which agrees well with the value of 
h obtained by other methods. Thus Einstein’s photoelectric equation 
based on the quantum theory was verified for low frequencies. 

EXPERIMENT OF MAURICE DE BROGUE 

Maurice de Broglie in 1921 undertook the verification of 
Einstein’s equation in the case of high frequency radiations, such as 
X-rays. 

, m 

a 

Principle. The method used is known as the magnetic spectro¬ 
graph method , since it involves the measurement of energies of the 
emitted photoelectrons by making them traverse a circular path 
under the action of a suitably applied magnetic field, as well as 


EfNSTEIN’S PHOTOELECTRIC EQUATION 


44 


“focusing’* them, so that those that leave the emitter at slightly 
different directions but move with the same velocity are made to 
strike at a common point on a photographic plate disposed to receive 
the photoelectrons at the end of their semicircular journey. This 
method, devised independently by De Broglie, Robinson, Ellis and 
others, is very effective in the case of high frequency radiations, such 
as X-rays and y-rays. 



Fig. 172. Magnetic spectrograph. 


The experimental arrangement is shown in Fig. 172. A 

narrow beam of X-rays of frequency v enters through a small window, 
a highly evacuated brass 

box B, and falls on the 
target T of the material 
u n d e r consideration, 
which is in the form of a 
thin narrow strip arrang¬ 
ed on the side of a heavy 
metal block D. Photo- 
electrons are expelled 
from T in all directions 
and with different velo¬ 
cities, The whole appar¬ 
atus is placed in a uni¬ 
form magnetic' field act¬ 
ing at right angles to 
the plane of the figure. Some of the photoelectrons pass through 
the narrow slit S and are deflected by the magnetic field to describe 
a semicircular path and eventually strike and photographic plate PP 
placed horizontally on the metal block D. If the elects lea ving 

r have velocities v x , v 2 .they will move in circles of radii p. p, 

given by the general relation Hev = mv* / Pl and will strike the plate 

f, ^’.V’ ctc .' , ^suitably adjusting the position of the plate and 
tin- Width of the slit S it is possible to get a certain focusing effect, 
electrons of the same velocity but slightly different initial directions 
being mane to strike at the same point such as K, L. etc. and the 

diameters of the respective circular paths being the distance between 
o and K, S and L, etc. 

r ii When the plate is developed linear traces arc found, each one 
of them heayngbe^nmade by photoelectrons of a definite velocity 
(p io o e ow). igh vacuum in the apparatus is required to avoid 

ai !' tlie consequent energy loss of the deflected electrons, 
hpim rf Y' * is extremely difficult to get a strictly monochromatic 
r , - r f ^ s sufficient intensity. Hence use is made of the 

hneV ftl I Y SU ! b 6 , eXClling volta g e of the X-ray tube, the K* 
nuivi V ^‘ r ^ + t u ar S et are much more intense than the accom- 

chromaHc 1 »m ° ° *5 W f V ? e ^ g ^^ s an ^ therefore serve as a mono- 

the wavlnJT' P ar ' 1CU,ar| y if the beam is filtered by a material, 

wavelength of the K^hnes Sm" llin,t " j " St shorter than the 
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Results. Thus using a radiation of a given frequency v, which 
can bo determined by measuring the wavelength of the X-ray line 

employed, it is found that 

several linear traces appear 
on the plate as seen in the 
adjacent photo obtained by 
Maurice de Broglie, where 

the traces marked 4, 5, 6, 7, 
have been identified with the 
K and L photoelectrons of 

Magnetic sped rum of photoelectrons the silver atomS ' Fr0m the 

produced by X-rays from a tungsten geometry of the apparatus 

anticathode falling on a silver target. the radius p of the circular 

path followed by the photo¬ 
electrons which made each one of the traces can be readily found. 
The intensity H of the uniform magnetic field used can be measured. 
Using these values of p and H in the relation Hev = mv 2 jp of 
v s= Hp (e/m) and assuming the value of c/m, the velocity v of the 
photoelectrons and hence their kinetic energy — 1 / 2 niv 2 correspond¬ 
ing to each trace can be evalutated. As we are, however, dealing 
with radiation of high frequency the photoelectrons can move with 
velocities comparable to that of light so that relativity correction has 
to be applied. This means that instead of 1 / 2 mv 2 we must use the 
relativistic formula to evaluate the kinetic energy of the photoelec¬ 
trons. Having thus determined the kinetic energies of the photo- 
electrons ejected from the different energy levels in the atom and 
knowing £v, the relations 

A 

1 /2wr K 2 = Av — w K) 1 / 2 wv L 2 — ftv — w L , 

etc. can be verified. The values for w,’ K , W\_. etc. thus determined 
agree well with those obtained by spectroscopic methods. This 
establishes therefore the validity of Einstein's equation for very 
high frequency radiations also. 

Robinson using this method found one K level, three L levels, 
five M levels and seven N levels for tho electrons in the atom, m 
complete agreement with the data of X-ray spectroscopy. Thus the 
magnetic spectrograph method provides a direct proof of the exis¬ 
tence of various discrete energy levels within the atom, enabling the 
energies of those levels to be estimated. It can be used also as an 
indirect method of testing the validity of the theory of relativity. 

It may be noted that the magnetic spectrograph is a very 
important instrument, constantly used in the study on different pro¬ 
blems in Modern Physics such at p-rays spectra, y-ray spectra, a-rav 
spectra and, in general, in any corpuscular spectrum analysis where 
a magnetic field can be used as a dispersing agent. The techniqn e 
of the method has been actually developed to the point that it ^ 
now one of the most reliable devices for the precise determination oi 
the fundamental constants. 
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The Compton effect. ( According to the classical theory of 
X-ray scattering we have seen that (it the scattered X-ray shoult 
have the same wavelength as the incident one, (it) the scattering 
coefficient a should be independent of the wavelength of the incident 
radiation having a constant value 0‘2 and (in) th© scattered radia¬ 
tion should be symmetrical as regards the distribution of intensity 
(c/. pp. 302-4). But experimental research on scattering of high 
frequency radiation, as hard X-rays and Y-rays, brought out the 
following points of discrepancy from classical expectation : 

(i) the scattered radiation was found to possess a greater wave¬ 
length than that of the incident radiation ; 

(it) the scattering coefficient a varied with the wavelength of 
the incident radiation diminishing as the wavelength decreased ; 

(Hi) the distribution of the scatter¬ 
ed radiation was not symmetrical, 
scattering taking place practically in 
the forward direction, t.e., in the same 
direction as that of the incident radia¬ 
tion. 

These were the experimentally 
observed facts which were unintelligi¬ 
ble on the principle of the classical 
theory. 

Compton in 1925 proposed an 
adequate explanation of these facts on 
the basis of the quantum theory of 
radiation, treating the phenomenon of 
scattering as due to an elastic collision 
of two particles, the photon and the 
electron of the scatterer. If a photon 
of energy Av strikes an electron it will 
communicate kinetic energy to tho 
electron and hence will itself lose energy. The scattered photon w ill 
therefore have a smaller energy" hv* and, in consequence, a low f er 
frequency or greater wavelength than that of the incident photon. 
The observed change in frequency or wavelength of the scattered 
radiation is known as Compton effect /(which, according to Compton, 

- offers a crucial test for tho validity of the quantum theory of radia¬ 
tion, not merely as regards absorption of radiation as in the photo¬ 
electric effect, but even when radiation is freely propagated in space. 

Theory. ( Compton, applying the .laws of conservation of 
energy and momentum to the scattering phenomenon of high frequ¬ 
ency radiation, considered as a collision between the photon and the 
electron, calculated tho change in frequency that w ould take place 
in tho process as follows : — 

For the sake of simplicity, it is assumed for the present that 
the electron is free and at rest before the collision. This evidently 

29 
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does not represent the actual state of affairs, since it can be shown 
that the electron is not free but is bound to the atom, norat rest 
but subjected to a high speed revolving motion round the centre of 
the atom .) After establishing the main points of the theory, we shall 
see what modifications these facts will introduce. 





In framing a general theory that will hold good even for every 
high frequency radiations, capable of imparting to the electrons, in¬ 
volved in the scattering, velocities comparable to that of light, rela¬ 
tivistic dynamics will have to be used. 

* 

( Let a photon collide with an electron at rest and after collision 
let them move in the directions indicated in Fig, 173. Let Av and 

Av/c be the energy and mo¬ 
mentum respectively of the 
incident photon and Av' and 
Av'/c the corresponding quan¬ 
tities of the scattered photon. 
As the electron is assumed to 
be at rest before collision, its 
energy initially, according to 
the theory of relativity, is 
m 0 c 2 , while its momentum is 
zero. After collision if the 
Fig* 173. Compton effect. velocity of recoil of the elec- 

^ I tron is v and the correspond¬ 

ing mass is m = m 0 / (l —- v 2 /c 2 ) 1/2 , the energy of the recoil electron is 
fnc 2 = m 0 c 2 / ( 1 — v 2 /c 2 ) l f 2 and its momentum is mv = m 0 vf(l~v 2 /c 2 ) vt > 



Let 8 and 9 be the angle which the scattered photon and re¬ 
coil electron make respectively with the direction of the incident 

photon. 


Applying the principles of conservation of energy and 
turn, we obtain the following relations : 


Av + wi 0 c 2 = Av' + me 2 


Av Av' 

- 1 - 0 = —— cos 8 + mv cos 9 


momen- 


... ( 1 ) 
... ( 2 ) 


0 = 


Av' 


sin 8 — mv sin 9 


To evaluate the change in frequency let us eliminate 9 
and (S):— 

mvc cos 9 = A (v — v' cos 8) *—- 

mvc sin 9 = Av' sin 8 _ fXj 

Squaring and adding, we get 
mHH 2 = A*(v 2 — 2vv' cos 8 + v ' 2 cos* 8 + v'* sin 2 8) 

= A*(v* — 2vv' cos 8 + v' 2 ) 


... ( 3 ) 

from ( 2 ) 


... ( 4 ) 
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r 


From equation (1), we have 

me 2 = A(v — v') + m 0 c 2 
m 2 c 1 * * * V = A 2 (v 2 — 2vv' -j- v 2 ) 2A(v — v f ) MqC 2 + Tfi^c* • ••(o) 

Subtracting (4) from (5) 

m*c 2 (c 2 — v 2 ) = — 2A 2 w' (1 — cos 0) + 2A (v — v f ) wt 0 c 2 + w a 2 c 4 

771 ° c (c 2 — v 2 ) — m 0 2 c 4 —2 h l W (1 — cos 0) + 


t.e,. 


* * 


Or 


* 

* * 


t.e 


• * 


^- •*. 


1 — v 2 jc 2 

2A (v — v') m 0 c 2 + m 0 2 c 4 
^ (v — V) m 0 c 2 = 2 a/vv' (1 — cos 0) 


w 


A 
m Q c 


i 


(1 — cos 0) 


1 


1 

V 


(1 — cos 0) 


m 0 c 2 ' 

i- -f-(1 — cos 0) 

v m 0 c 2 

m 0 c 2 + Av (1 — cos 0) 
m 0 c 2 v 

wt 0 c 2 v 


w 0 c 2 + Av (1 — cos 0) 


Putting 


Av 


1 + (Av/m 0 c 2 ) (1 — cos 0) 


m 0 c 


— = a and (1 — cos 0) — 2 sin 2 0/2 




1 + 2a sin 2 0/2 


• # * 


...( 6 ) 


Thus we get an expression for the frequency v' of the scattered 
photon in terms of the frequency of the incident radiation and the 
scattering angle 0 which indicates that v' < v. 

The change in wavelength is obtained as follows : 

1 ^ (1 — cos 0) 


m 0 c 2 


Or- 

V V V y W 0 C ' 


COS 0) 


t.e. 


A' - A = 


* 

* * 


A' = 


,, 2A . 2 

aA as - sm 2 

w 0 c 

V I • p 

A -4-sm - 

m 0 c 


0 

2 

0 

2 


• (7) 
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which shows that the wavelength A' of the scattered photon is greater 
than the wavelength A of the incident quantum by an amount given 
by (2h/m 0 c) sin 2 0 / 2 . 

J^Wext considering the complementary phenomenon of the recoil 
electron which, according to the initial assumption, is necessarily 
produced in the scattering process and acquires a kinetic energy, 
equal to the amount of energy lost by the photon, viz. (Av — Av')K 
fan expression for the energy of the recoil electron is obtained as follows: 


Using relations (2) and (3) 


tan <p 


Av' sin 0 


Av — Av' cos 9 


v' sin 9 


v —- v' cos 9 


But v' — 


1 + 2 a sin 2 0/2 
v sin 0 


tan 9 


1 + 2 a sin 2 0/2 


sin 0 


v cos 0 





v — 


1 + 2 a sin 2 0/2 — cos 0 


1 + 2 a sin 2 0/2 

2 sin 0/2 cos 0/2 



1 + 2 a sin 2 0/2 — (1 

2 sin 0/2 cos 0/2 
2(1 + a) sin 2 0/2 


2 sin 2 0 / 2 ) 
1 


(1 + a) tan 0/2 


... ( 8 ) 


Thus we get a relation between 9 and 0 which shows that as 0 varies 
from 0 to 180°, 9 varies from 90° to 0 . 

The energy of the recoil electron W is given by 


W — Av — Av' 


. h (1 - T 


4 - 2 a sin 2 0/2 


= Av • 


2 a sin 2 0/2 


1 + 2 a sin 2 0/2 


From equation ( 8 ) 


* + 


, 0 
tan — — 


cos 2 0/2 
sin 2 0/2 


sin 0/2 
cos 0/2 


(1 + a) tan 9 


+ 1 = (1 + a ) 2 tan 2 9 + 1 


i.e 


sin 2 0/2 


= (1 + a ) 2 tan 2 9 + 1 


sin 2 


0 


(1 + a ) 2 tan 2 9 + 1 


2 
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ft 

ft * 


w = 


2a_ 

(1 + a ) 2 tan 2 9 + 1 

- 2 a- 

1 + 


(1 + a ) 2 tan 2 9 +1 


= hv . 


2 a 


(1 + a ) 2 tan 2 9 + 2 a + 1 


,..(9) 


Thus we get an expression for the energy of the recoil electron which 
indicates that it varies directly as the energy of the incident photon 
and inversely as tan 2 9 . 

Let us now study a little more in detail the equations ( 6 ), (7), 
( 8 ) and ( 9 ) which represent analytically the results of the collision 
between the electron and the photon. 


(t) Equation ( 6 ) : v' = l 2a ^ which gives the 

frequency v' of the scattered photon, shows that the frequency 
decreases in the ratio 1/(1 + 2 a sin 2 0 / 2 ) in the scattering process. 

For a given scattering angle 0 when v is small , 2a sin 2 0/2 is 
small, since a =&v/m 0 c 2 becomes small, while sin 2 0/2 can assume 
values only from 0 to 1 as 0 varies from 0 to 180° and hence v' be¬ 
comes almost equal to v in accordance with the classical theory which 
holds for radiations of low frequencies ; but as v increases and has an 
appreciable value, the above approximation cannot be made and v' 
will decrease, which is inexplicable by the classical theory. 


When the scattering angle is varied , for 0 = 0°, there is no 
scattering, v' = v. When 0 = 90°, sin 2 0/2 = + In this case 
v' = v/,(l + a), hence less than v. When 0 — 180°, v' = v/( 1 + 2a), 
Thus as 0 varies from 0 to 180°, the frequency of the scattered 
photon changes from a maximum v to a minimum v/(l + 2 a). 

(it) Equation (7) : A' = A + ( 2^/w 0 c) sin 2 0/2 indicates that 
the wavelength of the scattered photon is greater than that of the 
incident by an amount (2hjm 0 c) sin 2 0 / 2 . This change in wavelength 
dX is independent of the wavelength of the incident photon as well as 
of the nature of the scatterer, since the expression for dX does not 
involve A or the nature of the scatterer. But dX depends on the 
angle of scattering varying directly as sin 2 0/2. When 0 = 0 , A' = A, 
when *0 = 90°, sin 2 0/2 = \ and dX — hjm^c which quantity is a 
constant ; it can be calculated from the known values of h y m Q and c 
and is found to be 0 0242 A° or 24*2 X. U. It is known as the 
Compton wavelength , which by Einstein’s law of equivalence corres¬ 
ponds to an energy of (12345/0242) volts, t.e,, 0*51 million volts the 
same as the self energy of an electron ; when 0 = 180°, dX = 2 A/m 0 c 
i.e., twice the Compton wavelength. Hence as 0 varies from 0 to 
180° the wavelength of the scattered photon varies from a minimum 
value of A to a maximum value of A + 2 hjm 0 c, provided the wave¬ 
length of the incident radiation is sufficiently small. Otherwise, there 
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will be no change in the wavelength as predicted by the classical 
theory. In the case of A being of the order of h/m 0 c , dX becomes 
comparable to A. Thus for the y-r&ys of RaC whose wavelength is 
comprised between 5 and 20 X.U., dX i 3 more than doubled in the 
direction 6 = 90°, since <fA in such a case is a Compton wavelength 

= 24*2 X.U. 

(m) Angular distribution of the intensity of the scattered radiation. 
Compton derived also an expression connecting the intensity of the 
scattered photons and the scattering angle, a rather complicated 
relation. The general trend of the distribution is best appreciated 
by comparing the intensity vs. scattering angle curves obtained by 
the classical and Compton theories as we have already done 
(c/. p. 302). In the Compton theory the dissymmetry is evident, the 
scattering being all in the forward direction, i.e., between 0 and 90°, 
while tlie backward scattering between 90° and 180° is very small, 
practically nil. This dissymmetry in the distribution increases as 
a = hvlm Q c 2 and hence as v increases, clearly observed with y-rays. 

(iv) Coefficient of scattering . In the Compton effect we may 
distinguish two parts in the coefficient of scattering a :— g s which 
measures the reduction in intensity of the incident beam by scatter¬ 
ing and <r a which measures the intensity absorbed with the production 
of the recoil electrons. Compton calculated these different co¬ 
efficients and compared them with the classical. coefficient <r 0 * 
relations obtained by him are : 

a _ 1 <r, 1 + a o a _ 

cr 0 1 + 2a * a 0 (1 + 2a) 2 * a 0 (1 + 2a) 2 

where a =: hv/m 0 c 2 . We see that when v is very small, a becomes 
negligible and a =s ct 0 ; <y, = ty 0 ; <y 0 = 0 ; hence the Compton co¬ 
efficient is reduced to the classical scattering coefficient: it |® 
practically ail due to scattering while the absorption coefficient J® 
practically nil. But when v increases and becomes high, « 
increase and the total coefficient of scattering a becomes smaller, 
has a less value than that predicted by the classical theory and 
decreases faster than cr a , i,e ty the true scattering effect will become 
less than the absorption effect. 

Other formulae for the scattering coefficient have been proposed 
by Dirac, Klein Nishina and others on the basis of quantum 
mechanics. They assume very complicated forms. The Klein-Nishm* 
formula indicates a decrease of <r with A less rapid than the Compt^ 
formula and appears to be more conformable to the experiments 
scattering of y-rays. 

(v) Equation ( 8 ) : tan 9 =» 1/(1 + a) tan 0/2, which connects 
the direction of the recoil electron with that of the scattered 
shows that as 0 varies from 0 to 180°, 9 varies from 90° to 0. Tn 
means that while the photon is scattered in all directions the reco 
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electron is limited to the forward direction, 
than 90°. 

(vt) Equation (9) : W 
shows that the energy of the recoil electron 

the incident photon Av 
value even 
and 9 = 90 
= 0*024 A 0 and 9 
with photoelectrons whose energy 
the “Compton electrons” have a < 

The energy 

i.c., on 9, those at smaller angles having greater energies 
maximum value occurring at 
9 = 0, W OTC1X = Av(2a/1 + 2a). 

As the scattering angle 6 of 
the photon increases, the angle 
9 will decrease as ,seen from 
equation ( 8 ) and the energy 
of the recoil electron increases 
as illustrated in Fig. 174, first 
constructed by Debye. Above 
the direction of the incident 
photon the arrows indicate 
the energy values of the 
scattered photon for different 

angles of scattering 0. The Fig. 174. Debye’s diagram, 

arrows below represent the 

energies of the recoil electrons in terms of the angle 9 . The corres¬ 
ponding numbers indicate a given scattered photon and its com¬ 
plementary recoil electron, the sum of the lengthy in each caso 
representing the energy of the incident photon. For each photon 
scattered in a definite direction 6 there is a simultaneous occurrence 
of an electron ejected at a definite direction*^ and vice versa. This 
is in sharp contrast with the classical electromagnetic wave theory, 
according to which the energy should be radiated in all directions. 

(vii) Discussion of the initial assumption made about the elec¬ 
tron, viz., that it is free and at rest before collision. The simple 
theory outlined above accounts only for the existence of lines whose 
wavelengths are modified. But in the observed effect unmodified 
lines as well as bands are found along with the modified Compton 
lines, which can be explained by making the necessary modifications 
in the initial assumption. 

First of all, the electrons are not free but bound to the atom. 
Considering this fact, if the incident photon has not energy enough 
to remove the electron from the atom we may regard the collision as 
taking place between the photon and the atom as a whole. Substitu¬ 
ting the mass M 0 of the atom, which is much greater than that of 
the electron, in the expression * for dX, it is readily seen that the 
change in wavelength is so small as to bo quite beyond the possibility 


Av . 2a / 1 4- 2a + (1 + a)* 5 tan- 9 

[ aepend s on the energy ox 
1 . The ratio W/Av always lias a rather small 
for very hard X-rays. For instance, when X = 10 A 
, it becomes equal to only 1/11 ; for y-vaye of A = A/?n 0 c 

90°, it amounts to only J. Thus in comparison 

' is nearly equal to the incident Av 
considerably smaller value. . 

of the recoil electron also depends on its direction, 

and the 
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of detection. In other words, the atom in its final condition has 

practically the same energy as in the beginning so that no measur- 

6 i® removed from the photon. This gives rise to the 

r ^ ne amon & the Compton modified lines, observable 
chiefly for small values of 6. 


For one and the same scatterer a certain part of the collisions 
between photons and electrons will involve electrons so loosely bound 
that? they are ejected from the atom with the resulting change in 
the wavelength of the scattered photon. In other collisions electrons 
very tightly bound to the atom may be involved so that the photon 
may not have sufficient energy to eject them and hence no change 
of wavelength results which accounts for the unmodified fines. 


In the case of different seatterers, for ligh t elements in which the 
electrons are loosely bound the modified line should be relatively 
intense, whereas for heavy elements in which most of the electrons 
are firmly bound the unmodified line will have the greater intensity. 
The intensity of the unmodified line should increase while that of 
the modified line decrease with scatterers of increasing atomic numbers. 

From this explanation it would also follow that for ordinary 
light whose energy is far too small to eject even the most loosely 
bound electrons the unmodified line is the most probable process. On 
the other hand for y-rays their energy is so great that almost 
every electron will be ejected so that nearly all the scattered lines 
should be modified. 


Although the energy of ordinary light may be insufficient to 
eject the electron, yet it may be great enough to transfer the electron 
to a higher energy level. If a part of the energy of the photon is 
thus spent, the rest should appear as a scattered photon with modi¬ 
fied frequency. Light scattered with such a change in frequency by 
atoms and molecules was first observed by Sir C.V. Raman and is 
known as the Raman effect, which also can be adequately interpreted 
only on the quantum theory. 

The second part of the assumption, viz., the electron is at rest, 
is also not true to facts, for, the electrons in the atom are in inces¬ 
sant motion and it can be shown that the electrons in inner levels 
are moving w ith higher speed than those of the outer levels, 

K electrons move faster than L electrons, etc. Now* if an electron is 
moving w ith a given speed before it is struck by the photon, the 
change in Avavelength w ould depend not only on "the angle at which 
the photon bounces off the electron but also on the direction 
which the electron w r as moving just before collision. Jauncey b aS 
shown that, if the electron be moving in any direction, dX may be 
anything between a certain maximum and minimum. Hence the 
inner electrons moving with greater speed will give rise to a broad 
band in addition to the unmodified line, while the outer electrons of 
lower speed to a narrow band about the modified line. 

From the above discussion we realise that in the Compton effect 
we have a crucial test of the quantum theory not only as regards 
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quantisation of energy but also of momentum, which brings out the 
particle picture of radiation with still greater force. 

Experimental verification of Compton’s theory. The 

theoretical predictions which were put to experimental test were the 
following :— 

Concerning the scattered radiation , 

(t) measurement of the change in wavelength dX and evaluation 
of the Compton wavelength ; ^ 

(ii) the variation of dX with the scattering angle 6 ; 

(tit) the independence of dX from A and the nature of the 
scatterer. 

As regards the recoil electrons , 

(i) their actual existence ; 

(tt) the simultaneous occurrence of a scattered photon and a 
recoil electron ; 

(Hi) verification of the relation tan «p = 1 / (1 + a) 0/2 » 

(tv) measurement of the energy of the recoil electrons. 

A. The scattered radiation. Compton was the first to 
determine the change in wavelengtn dX in the X-rays scattered by a 



Fig. 175.. Compton’s apparatus for the study of scattered X-rays. 


carbon block. His experimental arrangement was as shown in 
Fig. 175. Monochromatic X-rays from a molybdenum target T of an 
X-ray tube are made to fall upon a carbon scatterer R where they are 
scattered through an angle 0. The scattered ray is then passed on to 
the crystal C of a Bragg X-ray spectrometer by means of which the 
wavelength of the X-rays scattered at the definite angle 8 can be 
measured. Several slits are used for collimating the X-ray beam and 
lead box and screen to prevent all parasitical influence on the ionisa¬ 
tion chamber I of the X-ray spectrometer. The ionisation chamber 
can be replaced by a camera and photographic traces of the scattered 
beam reflected by the crystal can be obtained. The scattering angle 
6 may be altered by shifting the scatterer and the X-ray tube. The 
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8 ^ trUm i. 0f * he P r ^ mar y incident beam may be obtained by ^ 
ernitmg the X-ray tube without altering the slits or the crystal 

owing the primary beam to be reflected directly by the 
spectrometer. 

In this way, spectra of the molybdenum Ka line after being 
scattered by the carbon block at different angles were obtained. If 

the scattered rays 
If were of the same 

wavelength as the 
primary, the spec¬ 
trum of the for¬ 
mer should be the 
same as that of 
the latter. Comp¬ 
ton, however, 
-found in the spec- 
Fig. i76. Compton effect. ~ trum obtained not 

i™«. _ .I ~rr , , only the Ka line 

but another K« on the longer wavelength side as Ulustrated in 

l?ig. 1.6. Further with 6 = 90° the wavelength of the unmodified 

“ n ® fou » d to b e 0-708 A°, while that of the modified line 

O-voO A , so that the change of wavelength was 0-022 A°, which 
agreed well with the theoretical value 0-024 A°, the Compton wave- 
ength. The change in wavelength was also found to increase rapidly 
as the angle of scattering was increased. 

Ihe independence of dX from A was also experimentally verified. 
Compton and Ross, using the photographic method found that dX 
for the Kp line of molybdenum was the same as that of the Ka line 
for a given angle of scattering. Moreover, changing the target in the 
X-ray tube should not produce, according to the theory, any altera¬ 
tion in the value of dX provided 0 is kept the same. Du Mond 
and Kirkpatrick demonstrated this by using molybdenum, silver and 
tungsten targets. Different targets produce different primaries with 
different values of A, yet the change in wavelength dX was found to 
be the same for a given angle of scattering. 

Woo using different scatterers showed that the change in wave¬ 
length was the same for a given angle of scattering, thus verifying 
the independence of dXfrom the nature of the scatterer. Rut the relative 
intensity of the modified lines was found to change with the atomic 
number of the scatterer ; the higher the atomic number the smaller 
the fraction of the modified ray and correspondingly greater amount 
of unmodified ray was obtained, e.g, t . with lithium the whole of the 
scattered radiation is modified while with silver there is ‘ 
no modified ray at all. 

B. The recoil electrons. Soon after Compton proposed his 
theory, C. T. R. Wilson with his cloud chamber demonstrated the 
existence of Compton electrons in the following manner : — 

Taking photos of the secondary electrons produced when a 
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beam of X-rays traversed the cloud chamber, he found that by the 
side of pretty long photodectron tracks, there were other very email 
tracks resembling almost commas, which he called “fish tracks . 
A closer investigation of such fish tracks by Wilson him.-t we.i 
by Bothe showed that they were really made by Compton electrons. 
For while they were few and very short for X-rays of about 0*5 A , 
their number as well as length increased with shorter wavelength 
X-rays. They were also chiefly oriented in the- :u l< »: 1 1 • 1 • 
the incident beam and those of them which made greater angles with 
the inital direction were shorter. All these facts were, qualitatively 
at least, according to the predictions of the theory. 

Compton and Simon pushed further the oiialysb.- oi tut 3vu * 
tracks and obtained a quantitative confirmation of the proposed 
theory in the following two ways :— 

a. Study of the relative abundance of the “fish” and “phoioeke- 
tron” tracks. On one and the same photo containing t-.c short fish 
tracks and the longer photoelectron tracks they counted the number 
i of the former and of the latter. Now if a is the scattering 
coefficient and x the photoelectric absorption coefficient we may w r nte 
N c /N^ = o/t. Theory shows that t varies as A n while c muck less 
rapidly, t.e., as A. 

N;_ rr A 1 
N. “ 


Hence 


a 

T 


A* 'A 2 


Consequently when A decreases N tf /N^ should increase rapidly. This 
is what they aotually found by counting the number of the two kinds 
of tracks on the same photos obtained with X-rays of different wave¬ 
lengths and estimating N r /N^ in each case. One oi their observations 
is given below :— 


Total tracks 


0*71 A ( 
0*44 A' 
0*29 A 
0*20 A 


54 

24 


46 


84 


N, 

N, 

N c /N, 

5 

49 

0*1 

10 

11 

0-9 

33 

12 

2*7 

74 

& 

’9-26 


These results were confirmed by the experiments of other 
era; such as Nuttall and William, Hewlitt and Ikeuti. 

p. Verification of the relation between 0 and 9 , viz. t 

1 


tan 9 ass 


(1 + a) tan 0/2 



460 


FUNDAMENTAL CONCEPTS OF ATOMIC PHYSICS 

Compton and Simon passed a narrow beam of X-rays of very short 

wavelength into a cloud chamber, took photos of the electron tracks 
and examined them as follows i _ 

The recoil electrons produce short tracks while the photo¬ 
electrons long tracks. Hence it is easy to distinguish them. Let AC 

be the fish track of a recoil 
electron (Fig. 177), A is 
hence the point at which 
scattering has taken place. 
The tangent to the track 
AC at A gives the angle <p. 
Now the scattered photon 
leaves A in a straight line. 
But what is its direction ? 
A photon shows no track in 
a cloud chamber. Some¬ 
times it happens that the 
scattered photon is scatter¬ 
ed a second time or pro¬ 
duces a photoelectron at some point M on its path. Let us suppose 
a photoelectron track MP originates at M. If such is the case, AM 
is the direction of the scattered photon so that 0 can be determined. 
Thus measuring 0 and the corresponding <p the theoretical relation 
between them can be verified. 


M 




Fig. 177. Verification of the relation 
between 0 and <p. 


Although in the actual carrying oat of the experiment there 
was a considerable amount of uncertainty and it was not always 
possible to determine a pair produced by one and the same quantum, 
still. Compton and Simon were able to establish agreement between 
theory and experiment with a fair amount of certainty. 


The simultaneous occurrence of a scattered photon and a recoil 
electron . If Compton's theory is correct, to every scattered photon 
should correspond a simultan¬ 


eous emission of a recoil elec¬ 
tron. Experiments conducted 
by Bothe and Geiger verified 
this prediction as follows : 
They caused X-rays to be 
scattered in hydrogen gas and 
the resulting scattered photons 
and recoil electrons were 


detected by means of two Geiger 
counters, one of which was 
arranged to respond to elec¬ 
trons and the other closed 
with a platinum foil was sen¬ 
sitive only to photons since 
the foil absorbed the electrons 
and allowed X-rays alone to 
enter the chamber (Fig. 178). 



Fig. 178. Apparatus of Bothe 
and Geiger to demonstrate the 
simultaneous occurrence of a scat¬ 
tered photon and recoil electron. 
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The counter being an ionisation chamber where the primary ionisa¬ 
tion is magnified by multiple impact ionisation, the effect due to a 
single photon or electron can be easily detected. It may be noted 
that the photon counter does not respond directly to the photon as 
such striking it, but only indirectly to the secondary electrons pro¬ 
duced by the interaction of the photon with the gas in the chamber. 

According to theory, if a scattered quantum entered the photon 
counter, a recoil electron should simultaneously enter the other 
counter. It was found that there were about 10 recoil electrons for 
each scattered photon that registered itself. This is due to the fact 
that not every photon entering its proper counter will be noted, since 
every photon does not produce a secondary effect. Simultaneous 
ionisations were found to occur in the two counters in about 10 % of 
the observed cases, which was more than could be explained by mere 
chance coincidences. Hence the observed coincidences must be 
attributed to the simultaneous emission of a scattered photon and a 
recoil electron which thus gives a strong support to the theory. 

The measurement of the energy of the recoil electrons. Wilson, 
Compton and Simon estimated the energy of the recoil electrons from 
the “range” of the fish tracks. Evidently the results would be rough 
due to the non-homogeneity of the X-rays used, the shortness of the 
tracks, etc. The maximum range roughly verifies the formula 

= hv ( 2 a / 1 + 2 a). 

Bothe used an ionisation method to measure the energy of the 
Compton electron. If the ionisation is measured as a function of 
pressure in a chamber of small dimensions, a break in the ionisation 
vs. pressure curve will occur when the range of the -recoil electrons 
is sufficiently large so that they reach the walls of the chamber be¬ 
fore all their energy is expended in the production of gaseous ions. 
Bothe made estimates of the energies of the recoil electrons from 
such measurements and found fair agreement with theory. 

Bless, Kitchner and others used the magnetic spectrograph 
method for measuring the energy of the recoil electrons and for 
testing the variation of energy with 9 . The recoil electrons produced 

y the scattering of X-rays by aluminium foil were made to trace 

a semicircular path in a magnetic field suitably applied and were 

received at the end of their journey by an electronic counter or some 

other detecting device. From the geometry of the apparatus the 

radius ot curvature of the track was measured and the energy of the 

electrons evaluated. These researches pointed out that the most 

probable angle of emission of the recoil electrons was contained bet¬ 
ween 30° and 60°. 

Thus the various predictions of the theory were subjected to 
experimental test and the result obtained established beyond doubt 
e va 1 1 y of Compton s idea of X-ray scattering and hence also of 
the more general quantum theory of radiation. 


462 


FUNDAMENTAL CONCEPTS OF ATOMIC PHYSICS 


CRITICISM OF THE QUANTUM THEORY OF RADIATION 

The quantum theory of radiation, though satisfactory in many 
points, is not free from objections*. First of all, if we regard radia¬ 
tion as a "shower” of photons we cannot understand why all radia¬ 
tion should be propagated with a constant speed. Nothing in the 
particle picture explains this constancy of velocity, the most funda¬ 
mental cf all the properties of radiation. Again, frequency^ v plays 
a fundamental role in determining the energy ky and thereby defining 
the photon. What can possibly be the meaning of frequency in a 
shower of -photons ? There is nothing periodic about bullets shot 
from a gun or falling drops of rain, for example. Furthermore, we 
do not measure directly the frequency of a radiation ; we measure 
its velocity c and wavelength A and then compute v = c/A. We 
have therefore to rely on the wave theory of radiation to get the 
energy Av of the photon which indicates that the wave aspect enters 
into the very concept of the corpuscular aspect of radiation. There 
still remain the phenomena of diffraction and interference which have 
defied explanation on any other basis but by assuming radiation to 
be a wave motion. However, the experimental facts of photoelectri¬ 
city,, Compton effect and a host of other phenomena are as true as 
those of diffraction and interference. 


The situation thus created is perhaps the most puzzilng one 
that has ever risen in the history of Physics. Is radiation undula- 
tory or corpuscular ? A very difficult question, indeed, that cannot 
be easily answered by Physics alone. The difficulty is assuaged to 
some extent without being solved by a similar double aspect met with 
material particles also, as we shall see in the next chapter. We have 
tried to show in the preceding pages that when radiation is involved 
statistically it exhibits wavelike properties, whereas when viewed 
individually it behaves like particles. The quantum theory proposes 
the particle characteristics of radiation, while the classical theory the 
wave characteristics, both being required to understand the complex 
behaviour of radiation. 


k 


Some authors are inclined to believe that "the particle an 
wave pictures of radiation may represent partial aspects of a unity 
which is neither waves nor particles hut transcends both, since radia¬ 
tion can be viewed sometimes as particles and sometimes as waves 
but never as both at the same time.” But the following line o 

thought appeals to us much more than the above opinion. Physica 
science dealing exclusively with sense impressions of natural pheno¬ 
mena has come to the conclusion that radiation behaves in a comple 
manner, playing the double role of particle and wave. Now / pn*ce 
everything afets according to its nature, one is forced to accept 
complexity in the very nature of the one reality radiation, w hic 
manifests itself both as waves and particles though transcending 
both. When we begin to fix upon the wave aspect alone, the cor' 
pusoular aspect escapes us and vice versa . This does not mean tna 
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radiation is something totally-difierent from what waves and particles 
inform us about it, as is implied in the statement “radiation is never 
both at the same time.” Radiation in itself is both at the same tinier- 
wave and corpuscle—transcendentally . This conclusion forces itself 
upon us chiefly when we reflect how frequency, which is an exclusive 
characteristic of waves, enters into the very concept of he particle 
picture of radiation. 


CHAPTER VIII 

The Wave Nature of Matter 


Introduction. With the recognition of the quantum theory 
at the beginning of the present century, physicists; were obliged to 
admit a dual nature, wave and particle, fdr radiant energy , as we 
have seen in the preceding chapter. A similar situation arose with 
matter , when in 1924 the French physicist, Louis de Broglie, put for¬ 
ward the bold suggestion that matter which is ordinarily considered 
as made up of discrete particles—molecules, atoms, protons, electrons 
and like—might exhibit wavelike properties under appropriate 
conditions. This means that matter 9 like radiation , has a dual nature. 

Such a novel idea brought no little consolation and encourage¬ 
ment to those who were attempting to reconcile existing concepts 
with the double aspect of radiation. For like Einstein’s mass-energy 
relation of the theory of relativity, De Broglie’s concept of “matter 
waves was able to bridge over the almost insuperable gulf which 
Classical Physics had created between the two fundamental forms in 
which Nature manifests herself, viz. y matter and radiation, and arrive 
at a certain unity between them, since both matter and radiation 
could be conceived to possess a dual nature of the same type. But 
the synthesis was not to be as easy as it appeared at first sight. 

At any rate, scientists, encouraged by the important sugges¬ 
tion of De Broglie, set themselves to elaborate it by of prerise 

mathematical theories as well as check it by delicate experimental 
researches. Thus arose a very interesting and important but difficult 
chapter in Modern Physics which comprises the phenomenon of 
diffraction of material particles , such as electrons, protons, etc., form¬ 
ing a solid experimental proof of the existence of waves associated 
with matter and the theories worked .out along different lines such as 
the quantum mechanics of Heisenberg and the wave mechanics of 
Schroedinger, wherein the “matter wave” concept not only received 
a firm methematical basis and thereby became extremely useful in 
the interpretation of many a difficult problem in Atomic Physics but 
also led to a strange conclusion known as the Principle of XJncertainiy 
that shook Classical Physics to its very foundations. 

The aim of the present chapter is to give a brief sketch of the 
main features of this important branch of Atomic Physics. After 
stating De Broglie’s concept of matter waves we shall describe some 
of the experiments carried out on the diffraction of electrons and 
other material particles. We shall then study the theoretical treat¬ 
ment of the problem given by Heisenberg and Schroedinger, without 
entering into all the complicated mathematical details involved. 
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Finally we shAll consider the revolutionary Principle of Uncertainty 
that has resulted from the analysis of the wave nature of matter. 

ORIGIN-+DE BROGLIE’S CONCEPT OF MATTER WAVES 

Louis/de Broglie, attempting to develop a theory oi radiation in 
terms of light quanta or photons, was led to the new conception of 
matter waves by the following considerations : — 

1. Nature loves symmetry. According to this principle, the 
two fundamental forms, matter and energ3 r , in which Nature mani¬ 
fests herself, must be mutually symmetrical. Since radiant energy 
has been shown to possess a dual nature, wave and particle, matter 
also must possess the same dual nature, particle and wave. 

2. The close parallelism between mechanics and optics, 

as regards their fundamental laws governing motion, momentum, 
mass and energy, appeared to Oe Broglie as a direct index or the 
essential similarity between matter and radiation, required in the 
evolution of the new concept matter waves. For, the Maupertian 
principle of least action in mechanics and Fermat’s principle of least 
time in optics implied similar conditions which were very suggestive. 
According to the former, a moving particle chooses always that 
path for which the action is minimum, r.e., the integral of the 
momentum over the path is a minimum and is analytically expressed 
as 



5 j (mu) ds — 0 
Pl 

According to the latter, a light ray chooses always that path 
for which the time of transit is a minimum as represented by the 
relation 




* 

This close analogy of the two principles belonging to two different 

branches of Physics argued to the probability of the behaviour of 

matter as a wavelike entity under suitable circumstances. Just 

as radiation, ordinarily treated as a wave, has to be supplemented 

with a particle characteristic for a satisfactory explanation of 

observed optical phenomena, so also material particles, considered 

niechanics as having a corpuscular structure alone, might have 

to be supplemented wdth a wave aspect for a full understanding of 
their behaviour. 


3. Bohr’s theory of atomic structure. In 1013 Bohr 
basing himself on the quantum theory was able to give a very satis- 
actory explanation of the structure of electronic orbits in the atom 
aru of the oiigin of spectral linos. According to this interpretation, 

30 
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an electron was shown to remain in an orbit of definite size for a 
considerable time without radiating energy. Further the orbits 
available to the electron were rigorously selected by quantum rules 
from many orbits permitted by classical mechanics and it turned 
out that their radii were proportional to the square of integral 
numbers. Thus the stable non-radiating orbits of the electron in 
the atom are governed by integer rules. De Broglie wishing to find 
a satisfactory explanation for these restrictions of the quantum 
theory argued that since the only phenomena involving integers in 
Physics were those of interference and modes of vibration of stretched 
strings, both of which imply wave motion, the electrons in the 
privileged orbits could not be regarded simply as material.particles 
but a certain intrinsic periodicity should also be assigned to them. 

These reflections led Louis de Broglie to make bold to suggest 
in his doctorate thesis the new idea of matter waves, for which he 
was later (in 1929) honoured by the scientific world with the award 
of the Nobel Prize. In his thesis he wrote that there is an intimate 
connection between waves and corpuscles not only in the case of 
j radiation, but also in the case of matter. A moving particle of 
matter has always got a wave associated with it and the particle is 

3^ ^ ^ in a manner similar to that in which a 

photon is controlled by waves. To-Study the path of a beam of 
monochromatic radiation we use the wave theory, w'hile to calculate 
{ the amount of energy transactions of the same beam we have 
j recourse to the photon or quantum of energy hv. In a similar way, 

I the electrons are particles, that is to say, their charge, mass and 
energy are observable in particle form ; but if we want to find the 
path of a beam of electrons and whether and how it is reflected by 
objects, we must treat it as though it were a beam of waves. It is 
to be noted that the energy is carried by the electrons and not by 
the waves associated with them. In other words, whatever might 
vibrate in the matter wave it is not a strain in a real medium 
possessing energy. 

De Broglie waves. These matter waves conceived bv D e 
Brogl ie are called “Dc Broglie waves” for obvious reasons. Since the 
essential feature of any wave is its wavelength, De Broglie next 
directed his attention on this quantity and derived an expression 
for the wavelength of the matter waves using the general equation 
of a' standing wave system and the principles of the theory of 
relativity. 

De Broglie wavelength. Picturing a material particle, such 
as an electron, as a standing wave system in the region of space 
occupied by the particle, let the quantity that undergoes periodic 
changes giving rise to matter waves be tfi. Its value at any instant 
t 0 at a point x 0 , ;// 0 , c 0 , in the immediate vicinity of the particle is 
given by *p = t/r 0 sin 2ir/ n t n , where tfr 0 is the amplitude at the point 
chosen and v 0 the frequency as observed by an observer at rest with 
respect to the particle. 



Suppose now the particle is given a velocity v along the X-axis 
In order to represent the variation of under this'new condition 
we have to apply the transformation equation of relativity : 

t — vx/d 2 


V 1 - V 2 /c 2 

Comparing this with the standard equation of wave motion 

y = A sin { (2 tt/T) (t — x/u) } 

where A is the amplitude, T the periodic time and u the velocity of 
the wave along the X-direetjon, 

we see that u — — and -4= = v = — - ■ - 

v T Vi — v 2 /c 2 

From Einstein’s mass-energy relation 


Since m 


Now the wavelength of the matter wave 

velocity u c 2 /v h 

frequency v* mc 2 jh ~~ mv 

Thus we get an expression for the De Broglie wavelength, which 
translated in physical language means that a material particle of 
mass m moving with a velocity v has a wave associated with it, 
whose wavelength is given by the ratio of Planck’s constant h to the 
momentum mv of the particle. 

The expression for A could have been more easily derived on 
the analogy of radiations as follows : On the basis of ^relativity 
principle the momentum p of a photon of energy Av is given by Av/c 
as we have already seen ( Cf . p. 437). 

TT hv Jv . Jl/ 

Hence v --- — or A — — 


Similarly, the wavelength of matter waves is ; 
mass of the material particle is m and its velocil 

A =s hjmv 

But the first method of derivation indicates 
features of the matter waves which the seconc 
can be noticed that with a material particle in 
velocities are involved, me., one referrinor to t.h 
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. Particle velocity and group velocity, it can be shown that 
the particle velocity v is the same as the group velocity, i.e., the 
velocity of a group or system of waves as follows :_ 

The group velocity w of a system of waves is given by 

x du ~ 

w = u ~ x Tx- - 

where A is the w avelength of an individual wave in the system and 
m the velocity of that wave, frequently called the phase velocity. In 

disnersive mpsnin. xt-Vi --a • _ . -»■ - * 


dispersive media where du/dX is positive, w 
du/dX is zero and w — u. 

The above relation may be written as 


w. In free space 


— *Ga 


1 du 


A dX 


). 


A 2 


d ( u 


dX 


A 2 


where v is the frequency of the wave. 

1 1 dX 


dv 

dX 


w 


A 2 dv 


d_ 

dv 


( 


x) 


f t » 


(1) 


and potential energies of the 


If E and V represent the total 
particle respectively, 

i mv2 = E — V or v = { 2 (E - V)/m } 1/2 ... (2) 

Using the relation for the De Broglie wavelength : A = h/wiv, 


V) }»/* 


...(3) 


V)} 


1/A = mv[h = l/h . { 2m (E 

Substituting this value of 1/A in (1), 

Ijw = d/dv '{l/h V 2m (E — 

Replacing E by hv, since E = hv, 

1/w = l/h . djdv {2m (Av — V)~}i/2 

= 1 !h . £ { 2m (kv — V) \ 2 mh 
— m/{ 2m (E — V) j 1 ' 2 

= { m/2 (E — V) J 1 / 2 = l/v 
The group velocity ( w ) = the particle velocity ( v ) 

From this result, a very significant conclusion may be drawn, 
viz., that a material particle in motion is equivalent to a group of 
waves or a “wave packet,” as it is called. The wave packet, formed 
by the superposition of a number of waves and travelling with the 
velocity of the particle, behaves very much like a corpuscle. But a 
serious difficulty at once arises against this concept of wave packet, 
since such a wave packet is, in general, very soon dissipated. For 
example, if we produce a wave crest at an3 r point on a smooth surface 
of water, it is not long before it spreads out and disappears. 

Again, since the particle velocity v is less than that of light c t 
it follows that the velocity of propagation u of the individual "waves 
is greater than c as seen from the relation u = c 2 /t\ This shows that 
the De Broglie waves are not oj the same kind as those associated with 
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radiation , since the former have a velocity greater than that of light, 
while the latter have always the same constant velocity <>t lights 
The individual waves forming the wave packet may be considered as 
possessing an average velocity, the “phase velocity,” which seems^to^ 
have no physical significance since it has a value greater tlTTfnc. 
These acts render the interpretation of matter 
We shall come back to this point a little later. 

It is to be noted that the expression for the De Broglie wave¬ 
length (A = hjp ) combines corpuscular and undulatory concepts i 
a very intimate way, since A the wavelength has a clear-cut meaning 
only in wave motion and p the momentum is most naturally associat¬ 
ed with the moving particle. 

The wavelength to be expected for the waves associated with 
different material particles, such as electrons, protons, atoms, mole¬ 
cules, etc. can be readily calculated from the relation A — hjmv . 
For instance, for the electrons of the cathode rays we have the rela¬ 
tion %mv 2 = eV/300, where rn is the mass of the electron, v its velo¬ 
city which is assumed much below that of light, e the electronic 
charge in e.s.u . and V the P.D. between the electrodes of the dis¬ 
charge tube expressed in volts. 

From it we get 


m 2 v 2 = 


meV 

"300" 

h 

mv 


X 2 or mv = 



meV 

150 



Substituting the values of h — 6*55 x 10~ 27 , 

m = 9 X 10' 28 grm. and e — 4*77 X 10~ 10 e.s.u., 




150 10-8 cm. 

V 



When theP.D. is 150 volts the wavelength of the waves associated 
with the electron subjected to that field is equal to 1 A°. If the PrDr 
is 15,000 volts, A is 0*1 A°. These values lie within the range of 
X-ray wavelengths, so that it should be possible to check them by 
experiments similar to those used with X-rays. 

With very high speed electrons , whose velocity is comparable to 
that of light, relativistic correction will have to be applied. When 
this is carried out 


A = 





- 1/2 


, where a = 


cV 


300m o c* 


Substituting the known values e, m Q and c 2 


A = 



150 


10' 8 


cm. 


V V 1 + 9*836 x 10“ 7 V 
The correction factor is evidently very small, except for very large 
values of V. It amounts to only 5% with 50,000 volt-electrons and 
8*5% with 200,000 volt-electrons. 
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The wavelengths of atom-waves, molecule-waves, even of waves 
ior larger masses, can be calculated in a similar way. For a riven 
velocity v, the larger the mass m the shorter is the wavelength A. 

From this we see that, in practice, it is not easy to measure the 
wavelengths of heavy particles. 


These are results derived from De Broglie *s concept of 
matter'waves. Ifthenabeam of electrons does have undulatory 
characteristics, it should also exhibit the phenomenon of reflection, 

refraction, polarisation and diffraction as in the case of a beam of 
light, k urther, since the calculated wavelengths of electron waves 
are of the same order as X-ray wavelengths, it should be possible to 
produce clear diffraction effects with a beam of electrons using cry¬ 
stal gratings, as with X-rays. All these conclusions have been ex¬ 
perimentally tested and found true. Thus the ingenious idea of 
ma. er waves, proposed by De Broglie, has been put on a firm ex- 

perimental basis. We shall now oonsider some of these experimental 
researches. r 


EXPERIMENTAL STUDY OF MATTER WAVES 

The material particles, which readily lend themselves to experi¬ 
mental investigation of matter waves, are the electrons ; for, not 
only are they easily produced in fairly intense beams with a definite 
velocity, like the cathode rays, but also on account of the smallness 
of their mass the wavelengths involved have magnitudes which 
could be measured by methods used for X-rays. 

'I' THE EXPERIMENTS OF DAVISSON AND GERMER 


The electron waves predicted by De Broglie were first experi¬ 
mentally and rather accidentally detected in 1927 by two American 

physicists, Davisson and Germer, who suc¬ 
ceeded also in measuring the De Broglie 
wavelengths for slow electrons by diffrac¬ 
tion methods. 

As frequently happens an experi¬ 
mental accident was to result in a new 
discovery. Davisson and Germer were 
studying the reflection of electrons from 
a nickel target and accidentally subjected 
the target to such heat treatment that it 
was transformed into a group of large 
crystals. As a result, the reflection of 
electrons became anomalous, i.e ., instead 
of decreasing continuously from the angu¬ 
lar position of maximum reflection, the 
reflected intensity showed striking maxima 
and minima. This unexpected result call¬ 
ed to mind X-ray diffraction from crystals 
and made them suspect that a beam °f 
electrons might be diffracted from crystals 
like X-rays, which would mean that elec- 
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trons behave like waves under certain circumstances This was a 
very important point that deserved verification. So they pi* !'»;■> 

a target consisting of a single crystal of nickel and carried out the 

following researches w hich established that in fact a beam ot elec¬ 
trons could be reflected, diffracted and even refracted. 

Apparatus. Their experimental arrangement is shown dia- 
grammatically in Fig. 179. The electron beam is produced from what 



Fig. 179. Apparatus of Davisson and Germer 
used for diffracting electrons. 


is known as an electron gun G. This contains a tungsten filament F 
heated to dull red, when electrons are emitted by thermionic action. 
The electrons are then accelerated in an electric field of known P.D. 
and collimated by suitable slits so that a fine parallel pencil emerges. 
This pencil is directed to fall on a large single crystal of nickel, known 
as the target T which is capable of rotation about aa^ixis parallel to 
the axis of the incident beam, the purpose of which will be mado 
clear presently. The electrons are reflected from the crystal in 
different directions, the angular distribution being measured with a 
Faraday cylinder called the collector U, which is connected to a sensi¬ 
tive galvanometer and can be moved along a graduated circular scale 
S, so that it is able to receive the reflected electrons at all angles 
between 20° and 90°. The collector has two walls insulated from 
each other. A retarding potential is applied between the inner wall 
C and the outer U so that only the fastest electrons, i.e., those 
possessing nearly the incident velocity, but not the secondary slow 
electrons excited by collisions with atoms, may enter the collector 
and be detected by the galvanometer. The accelerating potential 
used ranged from about 30 to 600 volts and the retarding potential 
was nine-tenths of the accelerating voltage. The whole apparatus 
was completely enclosed, highly evacuated and degassed. 

The nickel crystal which is known to be of the face-centred 
cubic type is cut so as to have a smooth reflecting surface parallel to 
the lattice plane (1,1, 1), i.e., perpendicular to one of the diagonals of 
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the cube. By rotating the crystal about the axis stated above, any 
azimuth of the crystal can be presented to the plane defined by the 
incident beam and the beam entering the collector. 

Experimental procedure. The experiment was conducted 
in the following two different ways :— 

(a) With the beam of electrons at ‘ normal' incidence on the surface 
of the crystal , when a diffraction effect from the surface layer acting as 


■ 


J 

) 

Jr 


W \ 

} 

4 4 VOL TS 

48 VOLTS 

54 VOLTS 

60 VOLTS 


Fig. 180. 


a plane grating^ was produced. For each azimuth of the crystal, a 
beam ot low voltage electrons was made to fall normally on the sur¬ 
face of a crystal, the collector was moved to various positions on the 
scale S and the galvanometer current at each position noted. The 
current, which was a measure of the intensity of the diffracted beam 
of electrons, was plotted against the angle between the incident beam 
and the beam entering the collector, known as the “ colatitude ”. The 
observations wore repeated for different voltage electrons and several 
curves were drawn as shown in Fig. ISO. It is seen that a “bump** 
begins to appear in the curve for 44 volt-electrons. With increasing 
voltage the bump moves upward and attains its greatest development 
in the curve for 54 volts at a colatitude of 50°. At higher voltages 
the bump gradually diminishes, there being hardly any trace of it 
at about 68 volts. 

\The bump in its most prominent state of development offers a 
convincing evidence for the existence of the electron waves.J For, 
according to De Broglie’s theory, the wavelength for a beam of 54 
volt-electron is given by 




A ° = V2,S A 


1*66 A°. 


Now according to experiment we have a diffracted beam at a colati¬ 
tude of 50°. Applying the well known relation of a plane reflection 
grating, nX = d sin 6 , n referring here to the first order, d being 
equal to 2*15 A°, as given by crystallographic analysis, 

| A = 2*15 sin 50° = 1*65 A°. 

i This excellent quantitative agreement is very important, showing as 
: it does, that a beam of electrons does really possess wavelike charac¬ 
teristics. The above result was obtained with the A azimuth and the 
same was verified with two other azimuths, B and C. 




















when a diffraction effect from a space-lattice 
parallel layers of atoms in the crystal, anal* 
diffraction, was produced, as ivas indicated 
regular s elective reflections d epending upon the 
electronsTTTtJJTelectrons were simple corpus 
these selective reflections at dellnite elect] 
other hand, if it is assumed that electrons 
with them, their wavelengths can b 
formula nX — 2 d sin 0, appropriate to the 
found agree with those calculated by th 

A = (150/V) 1/2 . 

Tf the electron gun and the collector a 
angles of incidence and reflection carTbe ke*pt 
ing the electron velocity, the 
galvanometer current is 
measured for each value of % 

velocity. Plotting the cur- | \ 

rent values against the 5 
corresponding electron velo¬ 
cities or accelerating vol- 
tages, a curve with several ^ 
sharp maxima are obtained', 
as shown in Fie. 181. Tlie I c 


lie xSrogiie e theoretical equation, A = (150/V) 1/2 was not perfect, the 
former being systematically less than the latter. 

An explanation of this discrepancy was first given by Eckart 
and Bethe who suggested that the electron beam is refracted as it 
enters the crystal. In the case of X-rays we have seen that such an 
effect takes place, which modifies the Bragg’s relation into 

nX 2d yj — cos 2 6 

M being the refractive index for X-rays entering the crystal. This 
relation presumably holds also for the electron-waves. But what is n 
and how does refraction arise in the case of the electrons ? This poinl 
has been treated in a very interesting manner by Eckart and Bet lie 
Consideration of the thermionic emission of electrons shows that th' 
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eotrons must do work m escaping from a metal surface. Hence we 

may say that a metaJhc crystal is at a positive potential aV above 

that of the surrounding. Consequently, if a pencil of V volt-electrons 
is incident at an angle * on the surface of a crystal, then on entering 
,1 is further accelerated through a V volts and is refracted. Let 
r he the angle of the refraction and v lt v, the velocities of the elec- 
trons outside and inside the crystal. Then 

1 l 2 mv 1 2 = eV 
Vs = c (V + aV) 

mce t e electric field parallel to the surface does not change, the 
components of the velocities parallel to the surface are equal. 

♦** Vj sin t = v 2 sin r 


sin t 


sin r 


V 


or -r-—- = /i=_* = A / V + aV 

sm r t 1 , y -^- 

It is to be noted that u for electrons is greater than unity. 

, . Dn^isson and Germer verified the above expression for y with 

data. Using the formula wA = 2d(y 2 — cos 2 8) 1!% 
they calculated y for various values of A. The results were found to 
agree with those calculated from the relation 


putting aV for nickel as 18 volts. They also found that 
approaches unity as the speed of the electrons and hence V is in¬ 
creased, as is to be expected from the theory. Other workers, such 
as G. P. Thomson and Rupp, have also obtained evidence of refrac¬ 
tion of electron beams and have verified the above relation. 

THE EXPERIMENTS OF G. P. THOMSON 

In 1928 G. P. Thomson in Scotland extended the research on 
electron waves to high speed electrons ranging from 10,000 to 50,000 

volts, diffracted by very thin metallic films. 
He used a method analogous to the Debye- 
Scherrer powder method of X-ray analysis 
of crystals. 

Apparatus* His experimental arrange¬ 
ment is shown in Eig. 182. A beam of 
cathode rays is produced in a discharge tube 
AC by means of an induction coil. The rays 
are passed through a diaphragm tube A to 
obtain a fine pencil of electrons which is then 
allowed to fall upon a very thin metallic filnj 
F of gold, aluminium, etc. The film should 
be extremely small in thickness, of the order 
of 10“ 6 cm,, to obtain good results. Special 
techniques are used to obtain such extremely 
thin films. Some are produced by thinning 
Prof. G. P. Thomson down commercial foils by means of suitable 




solvents, while others by “sputt< 
can be then dissolved away. P 
slided down into position to 
receive the pencil of electrons 
after it has traversed the film. 

S is a fluorescent screen which 
can be used instead of the 
photographic plate for visual 
examination of the result ob¬ 
tained by the passage of elec¬ 
trons through the foil. The 
camera part FP of the appa¬ 
ratus is exhausted to a high 
vacuum while air is allowed to leak into the discharge tube section 
through a needle valve. Since the only connection between the 
camera and the discharge tube is through the diaphragm A, it is 
possible to have the camera at a low pressure and yet maintain the 
discharge tube sufficiently soft to give a beam of the required volt¬ 
age. The current from the induction coil is rectified by a kenotron 
and several smoothing condensers are connected in parallel with the 
discharge tube. 


-,il82. G.P. Thomson’s apparatus 
for the diffraction of electrons. 


Experimental procedure* Allowing a pencil of electrons of 
known velocity to fall on the photographic plate after traversing the 

thin foil and developing the plate, a 
symmetrical pattern consisting of con- 
centric rings about a central spot is 
obtained very much like that produced 
^y X-rays in the powdered crystal 
BgJy Vf ;method, as seen from the adjacent 
rnfm/f,'.- | IImh photo. To make sure that the pattern 
■III , JIM is produced by the diffracted electrons 

and not by secondary X-rays generat- 
e d by the electrons in their passage 
through the foil, the cathode rays in 
the discharge tube are deflected by 
means of magnetic field when it is 
Diffraction of electrons by found that the whole pattern as observ- 

a gold foil. ed on the fluorescent screen S shifts 

correspondingly, which cannot happen 
if X-rays are responsible for the pattern. Further, on removing the 
film F, the pattern disappears showing that the presence of the film 
is essential. Clearly then this experiment demonstrates in a striking 
manner that the electron pencil behaves as waves, since diffraction 
patterns can be produced only by waves. 


The quantitative verification of the De Broglie equation can be 
made as follows : 


if 
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As with the Bebye-Scherrer powdered crystal method for 
X-rays, in the polycrystalline film there will be some crystals set at 

the correct angle to gives 
Bragg reflection. If there 
are enough crystals distri¬ 
buted at random the result 
of such reflections will he 
a- series of rings arising 
from the intersection of 
the cones of diffraction 
with the photographic 

plate. Let AB be the in¬ 
cident beam passing 
through the film at B and 
let BE be a beam which has suffered a Bragg reflection in some small 
crystal in the film at B and falls at the point E on the photographic 
plate at a distance R from the central point C (Fig. 183). Let the 
distance BC from the film to the plate be = L. The angle 
CBE = 20, where 0 is given by the Bragg relation nX — 2d sin 0 . 

Now R — L tan 20 = L.2 0, since 20 is small. 

But from nX = 2d sin 0 = 2 k.O, 0 = nXj2d 

R = L,nX/d 

Substituting Be Broglie ? s value of A where relativistic correction is 
included on account of the high speed electrons used, 



E 


C 


R 



150 


RV 1/2 (1 + a/2) 1 / 2 


V (1 + a/2) 

_ nL \/l50 

d 


~ constant. 


If B be the diameter of the diffraction ring considered, R = D/2 so 
that ,BV 1/2 (1 4* a/2) 1/2 is still a constant. As a first approximation, 

neglecting relativity correction, B-v/V^ = constant. This relation has 
been verified by Thomson using different voltage electrons and 
measuring the diameter of a given ring in the pattern. 

Alternately, by calculating the grating spaces d 
readily measured quantities in the relation 

d= W/ \/ V (1 + d 

in the case of various metals and comparing them with those foun 


from the other 


150 

V (1 + a/2) 


by means of X-rays, De Broglie’s law was verified again within the 
limits of experimental error. 

For example, in one of the experiments, where an aluminium 
foil was used to diffract the electrons, the photographic plate was & 
a distance of 25 cms. from the foil. When the applied voltage V wa 
30,000 volts the diameter D of the first ring in the diffraction patte 
obtained was 2*45 cms. When V was made equal to 56,000 vo ■ » 
the diameter B of the same order ring was found to be equal 
1*8 cms. These data show that T>\/y “ is a constant. 
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Aluminium belongs to the cubic system of crystals and the 
crystal face involved in the above experiment has been identified to 
have the Miller indices 2, 2,0 for the first order ring. With this 
additional finding, the side of the unit cube for aluminium can be 
estimated as follows : — 

We have already seen that for crystals of the cubic sj^stem, the 
distance d between successive lattice planes is related to the side a of 
the unit cube by 


V h 1 + k 2 4" J 2 

when h t k , l are the Miller indices of the concerned face. (Cf. p. 314.) 
Considering only the first order ring, 


Taking the experimental data, viz., L — 25 cms 
D = 1* 8 cm. and for high speed electrons 

v / lnfT 10~ 8 


^ j.g X 'y/2^-J-2®-|~0 


V 56,000 v^ 9 * 836 X 10' 7 x 56,000 

— 2 x + 19 ~ 8 X 25 x VT _ o.q-o 

“ V^6,oou X yro55 X 1*8 “ ° ' 

This value of a is in good agreement with that given by X-ray 
diffraction experiments. 

Diffraction at glancing incidence. 

G. P. Thomson also obtained diffraction 
patterns with fast electrons by reflec- 
tion both from single crystal and from 
polycrystalline surfaces at small angles, 

In general the patterns obtained with a 
single crystal showed a number of 
separate spots as in the adjacent photo, 
while with poly crystal line surfaces the 
patterns similar those 

obtained by transmission through thin 

Diffraction of electrons by a 

Further experimental resear* well-formed single crystal 

ches on the diffraction of elec- ° f g ° ,cl (Thibaud & TriUat > ' 
trons, Kikuchi in Japan. in 1 8 nllf.Q i n n/1 ci /\ft «1 t ft P1 /v 
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P.D. of 10 to 85K.V. and made homogeneous by magnetic separation. 
These were then made to pass through a very thin mica film about 

10 ~ 6 cm. and the diffracted 

p] - . - _—r—- 7“—-1 pattern photographed. The 

fv \ : , 1 t ^ pattern obtained was quite 

''' v - * * m * -V ^ \ I similar to that given by a two* 

t / . * ♦ * ^ * f r , dimensional grating, a number 

4 « * * ^ I S P°^ S arranged in three sets 

L * ^ n r ' \ Aj of parallel rows making angles 

/ - * * , — . \ of 60° with each other as seen 


Rupp in Germany succeeded in 1929 in dmractmg siow t? 
rons (150-300 volts) by means of a ruled grating with 1300 lin es J? 
cm. The wavelength obtained from his experimental data agreed wi 
in two per cent with that predicted by De Broglie’s theory. 

J.V. Hughes in 1934 was able to verify De Broglie’s law for 
electrons with velocities comparable with that of light. 

Practical applications of electron diffraction. The pheno 
menon of electron diffraction has now passed far beyond the stage o 
academic interest and is being used to extend the methods ot A-ray 
diffraction to the study of the inner structure of materials, part 
lv in the structure of thin films of surfaces and of complex mo ecu • 
In the study of surface structure, electrons have two . 

vantages over X-rays, viz . they penetrate less deeply an ^ 

teraction with the atoms of the body under test is more ^ 

in the case of X-rays. A further practicaladvantageofelec^^ 

diffraction is the high intensity of the diffraction P***® , r . 

only very short exposure times are necesskry for photograp F , 
poses, whereas much longer times are required when X-rays & _£ ace 

G. P. Thomson has used electron diffraction to investiga _ 

layers of unknown composition. The nature of the ^ a ^ r ^ rm i n ed. 
enables the crystalline structure of the surface to_ t . 
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organic materials prepared in thin films. Jenkins, Murison, Langmuir 
and others have used electron diffraction in the study of lubrication 
by graphite, grease and oils. Modern electron microscopes are usual I y 
fitted with an electron diffraction unit as a very useful complement. 

Polarisation of electron waves. The close analogy between 

the electron waves and X-rays has naturally led investigators to 

search for polarisation in these waves, chief among whom were 

Davisson, termer and Rupp. The method used is similar to that 

applied in the case of X-rays, viz., to produce a double reflection of 

the electron beam on two similar surfaces and examine whether the 

intensity of the second reflected ray depends upon the azimuth of 

the second reflector with respect to the first (Cf. p. 283). It was 

found that there was no variation in intensity greater than 0-5 per 

cent. On the whole, the polarisation of the electron waves appears 

doubtful, but investigations are still in their initial stages. From 

the theoretical point of view the results obtained are more promising. 

For, Dirac in 1928 by an ingenious application of the principles of 

relativity to wave mechanics, established that the electron possessed 

a magnetic moment and spin. From this finding, it could be argued 

to the possibility of polarisation of electron waves, since just as the 

polarisation of light waves can be attributed to the spin of the 

photon, so also the spin of the electron should cause polarisation of 
electron waves. 


Wave nature of neutral particles, such as free atoms and 
molecules. Since De Broglie’s theory applies to any material parti-* 
cle, experiments designed to show the wave characteristics of free 
atoms and molecules have been tried by several workers. Special 
difficulties have to be overcome in producing diffraction effects 
with atoms and molecules, which do not arise in working with 
e ectrons. First of all as the atoms and molecules are much heavier 
than electrons the De Broglie wavelength will be much smaller for 
them and it will therefore be more difficult to detect diffraction 
effects with them Secondly the free atoms or molecules possess a 

mentl e l la Ll' Stnb f Utl0 V VG ° C i ty ’ wherea s for diffraction experi¬ 
ments a beam of uniform velocity is desirable. Thirdly neutral 

Darticles ar « ver y much harder to detect than are’charged 

193o l,Lp5oT ’K? empStCr , m 1927 and Ester mann and Stern in 

!; 3 h ° ^ c ® ed « d m Obtaining clear diffraction effects with hydrogen 

I,.,1, liner fuJfsiJ 8 “ 1 * ab jy reflecting them from crystal gratings, thus 
lending.full support to De Broglie’s general concept of matter waves. 

here . t , ha \ for bodies m hulk such as those we 
are h +^ d y n lfe ’ a v CriC v et bal1 for ins tance, the wavelengths 

S -el nl B r rea r? t0 . ?° ubt that even these have a De Broglie 
wavelength associated with them. 6 

of wal* S f C > r from tlie experiments described above that some sort 

their nnt US as ® ociat,e( i wfith all material particles whatever 
thur nature. This fundamental fact leads to a new form of 
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mechanics different from the classical one when the fine structure 
details of matter are to be considered. This new mechanics must 
be able to combine valid aspects of the wave theory of light, the 
quantum theory of radiation and the dynamics of particles in motion; 
it should also be able to throw more light on the nature of the matter 
waves which, according to the simple analogical conception of De 
Broglie, can just be conjectured as a kind of wave packet, not of 
the same type as that of radiation, but without further physical 
significance. We shall, therefore, now pass on to the study of the 
new type of mechanics which the matter waves called for. 


THEORETICAL STUDY OF MATTER WAVES 


One of the reasons which made De Broglie have recourse to the 
idea of matter waves was the concept of the stable and non-radiating 
electronic orbits restricted by quantum rules to integral numbers 
in the Bohr theory of atomic structure as we have already mention¬ 
ed. In the same theory, on the assumption that energy is radiated 
as spectral lines when the electron jumps from one quantum orbit 
to another and that the frequency of the emitted radiation is strictly 
governed by a law known as Bohr’s frequency condition, great 
advance was made in the analysis of optical and X-ray spectra. 
(Cf. Chap. X). But after a time it was realised that Bohr’s picture 
of the atom was not complete. Spectral lines were observed which 
could not be made to correspond to any known electronic orbits 
and special orbits had to be provided, often with very little reason 
other than that the spectrum seemed to demand them. With the 
experimental analysis of fine structure of spectral lines and anoma¬ 
lous Zeeman effect etc., the Bohr atom model was,being more and 
more frequently disregarded because of its increasing inability to 
account satisfactorily for the observed facts. 


In 1925, therefore, even before the wave nature of the electron 
had been discovered, Heisenberg and Schrofedinger taking up 
clue of matter waves of De Broglie as a possible solution that mign 
successfully overcome the difficulties met with in experiments 
spectroscopy developed independently and from two different direc¬ 
tions a new mechanics. The one of Heisenberg is known as quantum 
mechanics and that of Schroedinger wave mechanics. The former 
involves a very difficult branch of mathematics known as matrix 
calculus and it is well nigh impossible to describe it in simple terms. 
Hence, within the scope of this book, we can only indicate the 
line of argument of Heisenberg and that too qualitatively. I 
wave mechanics of Schroedinger is more readily understood and len 
itself to a more or less pictorial representation. We shall there 
deal with it somewhat more in detail. But here also, applica 
to particular cases involve fairly complex mathematical solu 10 
and hence only the results of such solutions will be made use > 
wherever necessary, in the study of Atomic Physics. It may ^ 
noted that Schroedinger subsequently showed that the quan u 
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mechanics of Heisenberg and his own wave mechanics were mathe¬ 
matically equivalent And led to the same results. Both methods 
have been fruitful and are included in the general term, the New 
Quantum Theory . 


QUANTUM MECHANICS 

Heisenberg started with a fundamental principle, already em¬ 
phasized strongly by Einstein, that it is meaningless for Science to 
talk about things unless we can observe and measure them. In other 
words, scientific enquiry should contain only “observable” quantities 
and strictly abstain from “unobservable** quantities. In Heisenberg’s 
view, Bohr’s theory partially fails because it deals with quantities 
which entirely elude observation, such as electronic orbits, motion 
of the electron round the nucleus, electronic jumps from one orbit 
to another, etc. Hence if a logically consistent system of .atomic 
mechanics is to be built up, only physically observable entities should 
be introduced, such as, spectral lines, wavelengths, frequencies, 
intensities of the light emitted by the atom, etc. 

Considering therefore only the observable frequencies of the 
spectral lines which could be represented by paired quantum num¬ 
bers, Heisenberg arranged them in a square array as 


v u = 0 

v 12 

V 13 

• * # • 


v 22 = 0 

^23 

* * * 

V 31 

V32 

v 33 — 0 

• * * 


In mathematics such an arrangement is called a matrix while 

the individual members characterised by two indices the elements of 
the matrix . . J 


In a similar manner, for the intensities of the lines, a second 
matrix can be formed with the amplitudes of the “virtual resonator^’ 
associated with the various frequencies, since inteSy is S by 
the sguare of the amplitude. ® J 

Thus : 

Al2 


11 

21 


• * * 


31 


^22 A 23 

A32 A33 

Heisenberg next basing himself on experimental facts, such as 
factors C ®“ blnatl0n P nnci ple, established- that if two vibrational 

^ y 


2 iriv J 

— c n and A^ m = e 


km 


a wrm 

ill ™"} tiplied> a tbird vibrational factor is obtained belonging to 
• ,1 e array> ^' s deduced a general multiplication rule, 

m ’ . pros< J u are arrays is also a square array of the 
f a “® * vpe< , Thls empirical rule is identical with one which has long 

been known in mathematics as the rule for forming the product of 
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two matrices. .Hence the mathematical theory of matrices can be 
legitimately applied to Heisenberg’s square arrays. 

Now we come to the central point of Heisenberg's theory* A 
representative matrix of '• the above type is associated with every 
physical quantity. We can thus form a coordinate matrix, momen¬ 
tum matrix, etc., and then calculate with these matrices in practi¬ 
cally the same manner as in classical mechanics. But there is one 
essential distinction between matrix and classical mechanics, vtz. f 
that when matrices are introduced as momenta ( p ) and coordinates 
(qr) } their product is not commutative ; analytically this means that 
pq gp,* unlike in classical mechanics. The difference (pq qp) 
has a definite meaning, being itself a matrix, which is usually 
different from zero. 

Heisenberg and a great number of other workers have shown 
that the whole problem of atomic spectra is solved, if 

pq — qp = h/ 2 ni 

where h is Planck’s constant and i — \/ — 1. This replaces the 
quantum condition in Bohr’s theory and is known as the commutation 
law of Heisenberg. 

Without proceeding further with the complicated development 
of matrix mechanics as a formal mathematical calculus, 
simply mention some results of fundamental importance. W e^ 
applied to the case of a linear harmonic oscillator, it is found tn 
such an oscillator can never be devoid of energy, its energy y a 
being given by the general expression (n + V*) ^ v » y^ eTe n 18 
integer including zero. This brings out the difference between 
old quantum theory proposed by Planck and used by Bohr an 
new quantum theory developed by Heisenberg. According^ ^ 

former, the energy of a system is assumed to be always an in . 
multiple of Av with zero energy in the lowest state. According; 
latter, the energy of a system is a half integral multiple of Av wi _ 

Jiv in the lowest state and hence there is no state with zero e 
Surprising though this conclusion of the new quantum theory ^ ^ 
be, it is strikingly confirmed by many experimental facts, s 
specific heats of solids at low temperatures, molecular spectra, ev * 

But, when Heisenberg’s equation is applied to ordinary y*T ef 
tion in empty space, the latter being treated as made up ot a n ^ 
of separate free vibrations of a given frequency v, it is found * ^ 

energy of the radiation, which is equal to the sum of the ene g ^ 
the component vibrations is an integral multiple of Av, fi 1 . ws 
accordance with Planck's idea. Thus Heisenberg's relation sn ^ 

that all radiations can be regarded as consisting . 181 +ll _ wave 

tons each of energy Av ; it brings therefore atomicity ltl . 
picture of radiation and thereby achieves the equivalence ol 
and particle pictures. 



495 



know where exactly the particle is and what is its exact velocity at 
any given moment. By making the wave packet very small (t.e., \jj 
practically zero except within a very small region) the position of the 
particle can be more or less fixed, but since it can be shown that the 
velocity spread of such a packet is large, the velocity of the particle 
becomes indeterminate. On the other hand, if we consider a large 
wave packet with many crests (t.e., ^ having a value other than zero 
and constant over a large region), the velocity spread is so very 
small that the particle velocity can be fairly accurately determined, 
but the position of the particle becomes very uncertain. 


Extending these results to the limiting cases of infinitely large 
and infinitely small wave packets it is readily seen that certainty 
about velocity involves complete uncertainty about position and vice 
versa . Hence it is impossible to determine simultaneously both position 
and velocity r of a particle with accuracy . ) Experiment can never enable 
us to say precisely that a given particle occupies such and such a 
position in space and that its- velocity has such and such a magnitude 
and direction. All that experiment can tell us is that the position 
and velocity of the particle lie in between certain limits ; in other 
words, there is only a calculable probability that it has a certain posi¬ 
tion and velocity. ^ .»d?rTf 

Heisenberg, who was the first to realise these consequences of 
wave mechanics, has expressed them mathematically by means of the 
following equation known as the uncertainty relation : ax. a p h, 
wherjB ax and a p ate the respective uncertainties (or possible errors) 
involved in the simultaneous measurement of the position and 
momentum of a particle and h the Planck’s constant. It states that 
the product of the uncertainties in determining the position and momen¬ 
tum of a particle is approximately equal to Planck's constant . Accord¬ 
ing to it, the smaller the value of ax, t.e., the more exactly we deter¬ 
mine the position, the larger the value of a p, i.e., the less exactly 
we determine the momentum. The converse is equally true. 


The relation also Brings out the fact that it is the existence of 
the constant h which prevents us from knowing simultaneously both 
the position and motion of a particle with accuracy, while if h were 
zero such simultaneous accurate knowledge would be possible. The 
constant h therefore represents an absolute limit to the accurate and 
simultaneous measurement of position and momentum, a limit which 
in the most favourable cases we may reach, but which we can never 
get beneath. The essential point insisted upon in the uncertainty 
principle is not the simultaneity of determination of the two quantities 
but the accuracy involved in the simultaneous determination. Asa mat¬ 
ter of fact, position and momentum can be simultaneously measured 
in the macroscopic bulk state as is done in ordinary physics, but the 
accuracy obtained is much less than that stated in the uncertainty 
relation. Since h % the ultimate limit of possible accuracy, is a small 
quantity (6*55 x 10" 27 ) the indeterminacy is completely masked by 
the experimental errors in the macroscopic state, while it becomes 
evident in the microscopic atomic state. 
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Although the principle of indeterminacy was first formulated 
in connection with wave mechanics, it was soon realised that it 
governs all Nature as a fundamental law. In every physical pheno¬ 
menon there remains a margin of uncertainty which enshrouds it 
with a fundamental indefiniteness and discontinuity that cannot be 
overcome by any instrument of measurement, even of the highest 

precision. This generalised indeterminacy can be illustrated by one 
or two examples. 


(t) Determination of the position of a particle by a 
microscope. Suppose attempt to determine accurately the 
position of an electron using some instrument, such as a microscope 
of very high resolving power. Since the lower limit of resolution 
depends upon the wavelength of the light employed to illumine the 
particle, it follows that we must use radiation of the shortest wave¬ 
length, such as y-rays, if we wish to determine the position as accu¬ 
rately as possible. - But the employmet of y-rays involves the Comp¬ 
ton effect so that the electron experiences a recoil. Thus, at the 
instant at which we locate the electron by irradiating it with y-rays 
and observing the scattered y-rays, its momentum undergoes a dis¬ 
continuous change. furthermore, there is indeterminateness about 
the magnitude of this change, for it will vary according to the direc¬ 
tion in which the scattered y-ray leaves the point of impact* We 
cannot limit closely the range of possible directions.of the scattered 
y-rays without a serious loss of resolving power which would involve 

less definition of the position of the electron. 

\ % 

Subjecting the case under study to a quantitative analysis, let 
the electron under the y-ray microscope (Fig. 185) be irradiated in 

any direction by y-rays of frequency v. 

From classical optical theory it can 
be shown that the resolvirig power of * 
•microscope is given by Aa; = A/2 sin a* 
where represents the distance between 

two points which can just be resolved by 
the microscope and hence the possible error 
that is involved in the determination oi 
the position of the electron, A the wave¬ 
length of the light used and a the angular 
aperture of the microscope. 

Now, according to the corpuscular 
view, the min imum amount of light tba 
could be used for irradiation is a single 
quantum hv. The electron can be actual y 
seen only when it scatters this quantum into the microscope. 
in this process the electron suffers a Compton recoihof the order o 
magnitude kv/c, the direction of which is indeterminate to the same 
extent as the direction of the scattered quantum. Since the scatter¬ 
ed quantum can enter the microscope anywhere within the angle 



Fig. 185. 
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the uncertainty in direction of both the scattered quantum and recoil 
electron is given by a. Hence the component of momentum* of the 
electron in a direction perpendicular to the axis of the microscope is 
uncertain to the amount a p given by 

0 hv . \ 2 h . 

Ap l - sin a —r— sin a 

C A 

The product of the uncertainties in the simultaneous determination of 
the position and momentum is therefore 

A 2 h 

Ax X A pm -r—:- x —r- sin a 

2 sin a A 

Ax. A pm h (Heisenberg’s uncertainty relation). 

Diffraction of* a beam of electrons through a narrow 
slit. From the corpuscular standpoint we have to regard the pheno¬ 
menon of dif fraction of electrons 
as occurring due to the deflec¬ 
tion of the individual electrons 
at the slit, either upwards or 
downwards and the diffraction 
pattern recorded on a photogra¬ 
phic plate as arising from the 
statistical superposition of the 
electrons in the beam. Every 
electron which is registered on 
the plate must have passed 
Fig. 186. through the slit, but at what 

. , c place in the slit is indefinite. If 

Ax is the width of the slit, the uncertainty in the specification of 
position of the electron perpendicular to the direction of flight is 
given by ax (Fig 186). Since the electron is deflected at the slit it 
acquires an additional component momentum perpendicular to the 
original direction of flight. If p is the momentum of the electron the 
component perpendicular to the initial direction is p sin 6 where $ is 

^ ^ deflection. Since the electron may be anywhere 

within the diffraction pattern the uncertainty in the knowledge of the 
above-stated component is b 

Ap «s; 2p sin 6 

On the basis of the wave theory of diffraction 

v__sin 61 = - A/f2 

AX 




Ax = 


A 

2 sin 0 


Hence the product of the uncertainties in the determination of the 
position and momentum of the electron in a given direction, t>., 

32 
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tSughSh^litfe itS 0riginal direCti0n of fl; g hfc during its passage 


\V\ 1 


A# . A p 


X 

2 sin 0 


. 2 p sin 0 as Xp 


From De Broglie’s theory p = hj A 


* * A X . Ajp A 

Thus once again we arrive at the uncertainty relation. These 
examples force upon us the conclusion that the fundamental indeter¬ 
minacy that underlies every physical phenomenon cannot be over¬ 
come whatever attempt is made. The existence of the quantum of 
^ ^ n troduces a finite disturbance which cannot be checked and 
w ich affects every pair of canonically conjugated magnitudes, such 
as position and velocity, energy and time, etc. 

new principle of indeterminacy is completely 
against ^ the strict determinism inculcated Try classical 
mechanics. According to the classical ideas the very definition of 
a particle implies that at any instant it occupies a fixed position in 
space and has a fixed momentum . The problem of classical mechanics 
is to predict exactly the position and momentum of the particle at 
any time t when its initial position and momentum are known ; in 
other words, at every instant the particle has a position in space 
which is perfectly determined and in course of time it describes a 
continuous curve known as its trajectory. But according to the 
principle of indeterminacy derived from wave mechanics, even the 
initial position and momentum of a particle cannot be known with 
accuracy; hence it is not possible to assign to any particle continuous 
trajectory and an instantaneous momentum. The term “particle” 
can no longer be used in the classical sense ; it is something made up 
of a very deep and essential union of both the corpuscle and the 
wave, resulting in a certain unavoidable indeterminacy. Again, while 
the older mechanics claimed to apply exact and inexorable laws to 
every phenomenon, the new mechanics only gives us laws of pro¬ 
bability and though these can be expressed in exact formulae they 
still remain l^,ws of probability. Hence probability takes the place 
of certainty or actuality in physical science. In the words of Bohr, 
“the new' quantum theory replaces the causal space-time coordination 
of classical physics by two apparently contradictory but actually 
complementary ideas of individuality and superposition” 

CRITICISM OF THE THEORY OF MATTER WAVES 

The great merit of the new theory of matter waves lies in the 
fact that it has solved all the problems for which it was designed* 
viz., problems connected with the electronic structure in the atom and 
spectral lines. The theory leads to equations whose solutions corres¬ 
pond to definite energy values, comparable to the energy terms o 
Bohr s atom model. Thus the quantum numbers of atomic structure 
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and spectroscopy are inherent in the theory and are^given in funda¬ 
mental terms, not as arbitrary assumptions. The very discreteness 
of atomic processes appear as a natural outcome of the theory. (Cf 
Wave mechanical atom model, chap. X). 

Wave mechanics also accounts for facts which are unexplicable 
by the older theories, such as half integral quantum numbers, zero- 
point energy, 6tc. It has even led to predictions which later have 
been verified experimentally, as diffraction of electrons, resonance 
phenomena in spectroscopy, etc. 

Furthermore, events impossible to the classical theory are 
found, when treated by wave mechanics, to have a very small but 
finite probability of taking place. On the basis of this prediction, 
natural radioactive process and artificial disintegration have received 
a very satisfactory explanation. Application of wave mechanics to 
these specifically nuclear phenomena has resulted in some under¬ 
standing oi the nucleus itself including its structure and energy con¬ 
tent (Cf. chaps. XII and XIII). 

More than all these special problems, the general behaviour of 
matter in the atomic state, as the Dr. Jekyll and Mr. Hyde, has 
been interpreted to a high degree of satisfaction by wave mechanics. 
It has shown that not only radiation but also matter exhibits some¬ 
times wave-like properties and sometimes corpuscular properties ; it 
has further led the way to treat the two concepts, wave and cor¬ 
puscle, as complementary aspects of viewing one and the same 
objective process, which only in definite limiting cases admits of 
complete pictorial representation and is therefore nearly always 
subject to certain indefinitenesses, given by the principle of uncer¬ 
tainty. Herein lies the great advance made by the new mechanics 
over the absolute determinism of classical mechanics. 

But this final conclusion of wave mechanics, viz ., the principled 
uncertainty, must be regarded not as a complete surrender of determin¬ 
ism in physics, as many seem to think, but us a further refinement in 
the right direction showing that the deterministic conception of Nature is 
neither complete nor universal. For, the whole of the material uni¬ 
verse both in the macroscopic and microscopic states, appears to 
be subject simultaneously to determinism and indeterminacy. In 
ot *“ words, no physical phenomenon, whether large or small, is 
wholly deterministic or wholly indeterminate. It is true that in the 
arge-scale phenomena dealt with in classical mechanics, as in 
astronomy, for instance, determinism, predominates, while in the 
small-scale atomic phenomena indeterminacy is clearly perceived. 
But from this it does not follow that there is no determinism at all 

UJ1 b absolute indeterminacy in the microscopic state, while 
apparent determinism, i.e. 9 an admixture of determinism and negli¬ 
gible indeterminacy is restricted to the macroscopic state alone. 
Hence, we are inclined to believe that just as in macroscopic 
phenomena there is only apparent determinism, so also in 
microscopic phenomena the indeterminacy is only apparent. 
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The following considerations seem to justify this opinion 

(i) In general, if the doctrine of deter minism were to be 
rejected as completely wrong, there would be no order or regularity 
in physical phenomena and no scientific knowledge of them could 
exist. But physics, even atomic physics, does exist : it is an actual 
fact and has proved its value by its progress and the number of its 
practical applications. We have a convincing proof of this in the 
modern art of artificial transmutation of elements, which is possible 
only if there exists a certain amount of determinism coupled with 
indeterminacy in material bodies, even in the atomic state P 

(it) Planck’s constant ‘h* which is considered to be the limit- 
mg barrier of determinism and a measure of indeterminacy, is really 
an enigma of Modern Physics ; it still remains the unknown syllable 
in Nature s cross-word puzzle. Although its finite value shows that 
the microscopic state, where indeterminacy becomes apparent, is not 
merely a small scale representation of the greater macroscopic state of 
glaring determinism, yet the former tends asymptotically towards the 
latter. Such a tendency is possible only when both the states have 

common features, viz., that they are partly deterministic and partly 
indeterminate. 

Again, when one considers the strange way in which the con¬ 
stant h enters into Atomic Physics, viz., through the corpuscular 
aspect in the case of radiation, but through the wave aspect in the 
case^ of matter, it becomes possible to surmise that every physical i 
reality, big or small, is complex, containing within itself, t.e., inde¬ 
pendent from and prior to all experimental investigation, a double 
complementary aspect of determinism and indeterminacy. For, on 
this assumption alone one could understand why an obviously wave 
form radiation acts as corpuscles and corpuscular matter behaves 
like a wave. 

(ttt) The marked element of paradox, that appears in the 
wave mechanical conception of physical reality leading to the principle 
of indeterminacy, also seems to favour the opinion proposed. For, 
waves of probability, pure abstractions as they are, are nevertheless 
propagated “in space” just as though they were continuous and 
homogeneous elastic waves. Likewise, the particles whose existence 
is intermittent cannot be localised and defined with exactness. Thus 
the wave and particle of the new mechanics, are, each of them, a , 
complex of indeterminacy and determinism. According to the ^ 
principle of indeterminacy, both the position and velocity of a 
particle cannot be determined simultaneously with accuracy. This 
implies that there is an intrinsic limitation in the particle itself which 
prevents it from being defined with accuracy under all aspects at 
once. " I 

( iv ) The very concept of probability, which forms the basis 
of the principle of indeterminacy, implies t.he complementary double 
aspect of determinism and indeterminacy in every physical pheno¬ 
menon. When the history of a single physical unit, whether electron • 


THE THEORY OF MATTER WAVES REVIEWED 


501 


or photon, is investigated, the associated wave symbblises the pro¬ 
babilities of localisation and the dynamic state of that unit ; but 
when we are dealing with a very great number of identical units, for 
instance, a beam of electrons, then the wave represents the statistical 
distribution of the totality of units. Hence, in both cases statistical 
law must be used. 'Now a statistical law is one which defines the 
more or less constant mode of action of a great collection of similar 
things without stating anything about a particular individual of the 
collection, except in so far as it belongs to the collection. A statisti¬ 
cal law is a law of averages and there is no finality or exactness about 
it when applied to particular individual cases. The reason for this is 
that when forming part of a system, a physical unit loses a large 
measure of its individuality, the latter tending to merge in the 
greater individuality of the system. To make a real individual of a 
physical unit belonging to a system, then, it is necessary to take this 
unit from out of the system, i.e ., to break the link which binds it to 
the system. The physical unit cannot be observed perfectly so long 
as it forms part of the system and the system is impaired once the 
individual unit has been identified. The concept of the physical unit 
thus becomes completely clear and properly defined, only if it is 
regarded as a unit completely independent of everything else. 

Applying this general idea to a single particle we have a system 
formed of localisation and dynamic state of the particle. The two 
lose their individualities to a large measure when they form part of 
the system. Hence, when we try to define exactly one of them, the 
other becomes most ill-defined. The same consideration can be appli¬ 
ed to a system made up of a very great number of particles. Thus a 
close analysis of physical reality, as an individual unit or as a system 
ot units, brings out clearly the intimate and unavoidable presence of 
the two aspects of determinism and indeterminacy in every physical 
phenomenon. Louis de Broglie, in his recent book The Revolution of 
^nystes (1953) states that he is by no means convinced that the pos¬ 
sibility has been extinguished of finding beneath the present statisti¬ 
cal structure “a perfectly determinate reality” 



CHAPTER IX 


Quantum Statistics 

_ Introduction. In studying the general behaviour of a body 
which consists of a very large number of individual particles, the 
statistical method of investigation has to be employed. For instance, 
in order to arrive at a knowledge of the temperature and pressure of 
a gaseous mass, it is necessary to fix the position and velocity of 
each of the molecules contained in it. The quantities, temperature 
and pressure, refer to the macroscopic or bulk state of the gas and can 
be measured by ordinary apparatus ; on the other hand, the position 
and velocity of the individual molecules in the gas belong to the 
microscopic state and a complete knowledge of the continually chang* 
ing motion of the molecules is not attainable. Hence, in order to 
correlate the two states and thereby draw conclusions which can be* 
subjected to practical tests, recourse is had to the calculus of pro¬ 
babilities and statistical mechanics. In this method the assigning of 
parameters to a large number of individual particles that constitute 
the assemblage is a very important factor and is known as distribution 
function or statistics . 


Before the advent of the quantum theory, classical physics 
made use of a statistics, known as the MaxwelUBoltzmann statistics, 
with great success in the interpretation of many ordinarily observed 
phenomena such as temperature, pressure, energy, etc. But the 
failure of the classical method to account adequately for several other 
experimentalI3 7 observed facts, such as the black body radiation, 
photoelectric effect, specific heat at low temperature, efco.Jforced the 
issue in favour of'the new quantum idea of discrete exchange of 
energy between systems, and along with it a new quantum statistics 
was envisaged. Further, it was soon recognised that the new 
statistics should be subdivided into two categories, one holding good 
for photons and known as the Rose-Einstein statistics and the other 
referring to elementary material particles , such as electrons, and called 
the Fermi-Dirac statistics. 


Our aim in this chapter is, after briefly stating the genera, 
principles involved in statistical mechanics, to deal with the classical 
statistics first and then take up the modifications required by the 
new quantum conception under the double aspect of particle ana 
wave, applicable to both radiation and matter. The classical method 
of statistics, besides its theoretical interest as a limiting case, serves 
as a guide for the qunatum treatment. We shall then deal wit 
several applications of the quantum statistics, which will bring ou 
the utility of this new type of statistics in interpreting physica 
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phenomena that remained unsolved or only partially solved by the 
classical method. 


Principles of statistical mechanics. Statistical mechanics 
deals with the statistical features of the behaviour of a system sub¬ 
jected to specified conditions, by a suitable combination of the laws 
of probability and dynamical principles. Hence, in this method of 
investigation we are not concerned with complete knowledge of the 
state of a dynamical system, but only with certain broad features 
of its behaviour, which happen to be physically significant and are 
often of the nature of an average of some sort. Further, in any 
conclusion concerning probability which is drawn from statistical 
mechanics, the element of probability is introduced in describing 
the situation to which the conclusion refers and what is deduced 
from mechanical laws is only the relation between two probabilities. 


Phase space. In the theory of mechanics it is shown that the 
motion of a dynamical system having n degrees of freedom can 

conveniently be described in terms of n coordinates, q x q 2 . q n 

together with n corresponding momenta, p x , p 2 . p n . Each phase 

of any motion of the system is then represented by a set of values 
of the n q 's and n p *s ; and during a particular motion these 
values vary as definite functions of time. It is usual to regard the 
2 n quantities as the coordinates of a point in a space of 2 n dimen¬ 
sions. Such a space is known as a phase space of the system. As the 
system executes a particular motion its representative point traces 
out a certain trajectory in the phase space. Hence “a trajectory in 

the phas6 space” of the system is equivalent to a succession of sets 
ot values of the q *s and ^’s. 


Distribution function. In applying the statistical method to a 
system made up of a very large number of individual particles, the 

position of each particle is fixed, but with a certain latitude And in 

,™ y a Ve v 00 ! t l 18 a83i . gned t0 eaeh * but again with a certain 

Jh? r ° b , abl lty u 1S L lntroducpd into - the problem). Then, 

h whlcb represents the number of particles 

assumed to be situated in each small element of volume and the 

number assumed to have momenta within a small but definite range 
is usually expressed as i»nge, 


^ ^ y* Pxt Pj/t Pe) dx dy dz dp x dpy dp z 

thcm.mhe'r S??”? C00rcH nate system. In this relation dn is 
etc f partlcles havmg coordinates between a; and x + dx, 

2} Z r0d r d * ■ d y • f* is ^volume element^ coordinated', 
SrodS dx \, dP J “ 7“T ele ” entin “omentum space, and the 

phase BDace nr nlJL dp " ‘ d ?‘ is de & ned as a volume clement in 

"f ,hM < distribution i„ this 

an °I jP ro ] babi * ities and its laws. The probability of 

an event may be defined as the ratio of the number of cases in which the 
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event occurs to the total number. Suppose we toss a coin a large 
number of times and count the number of times the “head” or 
“tail is uppermost. Experience shows that,, provided the number 
of throws is sufficiently great, the “heads” and “tails” will be upper¬ 
most equal number of times, t.e., the probability of each event or the 

ratio of the number of throws in which each event occurs to the total 
number of throws is 4 . 

„ h Viability of a composite event is equal to the product of the 
probability of the individual component events , provided these are 
independent. /Consider two coins, cay one silver and the other 
copper, which are tossed a large number of times and the number of 
times their “head ’ or “tails’* are uppermost is noted. Let a, and 
? 2 e e probabilities for the heads of the silver and copper coins to 
e u PP e rmost respectively and and b z the probabilities for their 
tails to be uppermost. If we toss the silver coin the probability ‘a,’ 

? is*£ ; if we toss the copper coin, the pro- 

ability *a 2 of getting the head is Hence in a simultaneous 
single toss of th& two coins, the probability of getting the heads of 
both is a j X = i X i = * • Thus we see that the probability 
(cti a%) of a composite event is the product of the probabilities (t.e., of 
a i an d a x ) of the individual component events. 

If the two coins are tossed a large number of times , the following 
events are possible : 

(1) heads of both coins up 

(2) tails 

(3) head of silver coin and tail of copper coin up 

(4) tail of silver coin and head of copper coin up 

The possible events can therefore be represented by 

(fli bi ) (c*2 + 62) 

If the two coins tire identical y then a x a 2 = a and b x = b* = b. 
'Ihe jiossible combinations are now given by a 2 , 6 2 , 2ab [since events 
(3) and (4) cannot be distinguished from each other] te., (a + b)*. 
Here the chance of getting the heads or tails of both coins up is 
o 2 or b 2 = while the chance of getting the head of the one and 
the tail of the other is 2ab = J. 

Extending the argument to *n 9 identical coins , the possible 
combinations are given by tho terms of the binomial expression 

(a -j- by*, t.e., a”, a n l b, . a r b s t .6”, where a r b 5 means that in 

a throw r coins show heads and s show tails (r + s = »). This 
particular complexion a r b s can bo realised n C r times, where *C r is the 
coefficient of a r b s . By the binomial theorem, 



... af)% 
... 


n Cr = 


n ! 


f 


n 

rTTT 


r ! (n — r) 1. 

In the binomial expression representing all possible 
there are 2 n terms. The a priori probability of each 


combinations, 
complexion is 
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therefore 2 ~". The probability W of the complexion a r b s is given by 

n ! _ 


W = 


r ! s ! 


• * • 


(i) 


There are, of course, as many complexions of a T b* as there are 
terms in the expansion of (a + 6)\ i.e., (n + 1). Among these, that 
wnicn possesses maximum probability is given by the condition that 
n \j T is a maximum, which is the case when r — n/2. Hence 


W = 

max — 


n ! 



2" n 


... ( 2 ) 


Throwing of dice. If we were to use dice ipstead of coins, u^e 
should have six possible states, not merely two as in the case of the 
coins. Each die has six sides which may be denoted by the letters 

a, 0, c, d, e, f. Let a large number of n of dice be thrown which results 
in a particular complexion represented by 

a ni b n * c n *d n * c "*/" 8 

This means that ra, dice fall with the face ‘a’ up dice with *6’ lip, 

6t*C, # * 

arguments similar to those used above, it can be sho'wn that 
possible number for such a complexion is given by 

n ! 

n i ! » 2 ! n 3 ! n t ! n 6 ! n 6 ! 

acconnt^f Ch a T Ct of a L die has an o Priori probability 1/6 on 

pK>b * b “ ity of th ' 

w = n 1 

n \ ! ^2 1 n z ! n 4 n s ! n 6 ! X ® (^) 

General case . Consider a hoard TO ;+k ** M n , . 

side and denoted by a., a, o, etc l!u * arra “8 ed “ d ® ^ 
be thrown into the cells from"a'dl«i» L t T great number n of baUs 

b. lfe « fo.nd to OTl ZTn. fa “ PP °“ ‘ h “ 

The possible number of such a complexion is given by 


where 7 7 


n ! 

n i ! iH ! n 3 . . ! 

»x ! X »j ! x n 8 ! x. 


n ! 

n n r 1 


probability onK^compS/k ^ COm P lexion is C/l>), the 


W n ! 

it n r 


••* (^) 


topi »» to . mo™ 

F aim convenient form by the application of a famous theorem 
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?h € oJem, fci we"have 61106 ** 8 tirlin V’ s theorem - According to this 


n ! = ( n/e) n or log n ! = n log n — n 

Applying this 


log W 
log W (v n r l) 


= log ( p~n \ 

\ n n r l J 

— n log n — n — n log p 


* * * 



CLASSICAL STATISTICS • 

Classical statistics is rightly called Maxwell- Boltzmann statistics , 
since i akes its origin from Maxwell’s law of distribution of molecular 
e oci ies and Boltzmann’s theorem relating entropy and probability. 
Hence it is necessary to review briefly these two basic ideas. 

Maxwellian distribution of molecular velocities. Accord¬ 
ing o the kinetic theory of matter, a gas consists of a very large num- 
er o rigid and perfectly elastic material particles, called molecules, 
a of which have the same mass and move freely within the 
containing the gas. Moving in all possible directions and 
colliding with each other these molecules acquire all possible velocities 
ranging from oo to + oo . Maxwell in 1859 conceived the idea that, 
at a given temperature when the gas is in a state of thermal equilibri¬ 
um, there should be a law according to which the velocities of the 
molecules can bo grouped, in spite of their apparently random and 
chaotic movements. He was able to derive that law of distribution 
of molecular velocities by the application of elementary ideas of pro¬ 
bability as follows : — 

Considering, for the sake of simplicity, a perfect monatomic gas 
(where translational motion alone of the molecules is involved, rota¬ 
tional and vibrational motions being excluded) and assuming that the 
molecular density is unaffected by the molecular motions and collisi¬ 
ons, probability considerations show that the number of molecules ti>i 
which have component velocities lying between u and u -f- du, v and 
v + dv and w and w -f- dw f along the three axes of the Cartesian co¬ 
ordinate system is givon by 

# 

n x = n f ( u, v, w) dv dv dw 

where n is the number of molecules in unit volume. This is Maxwell’s 
law of distribution of molecular velocities, which is usually expressed 
in the following two forms :— 

(1) n x = n a e ~ bmc2 dr 

xvhere a = (6 3 m 3 /7r , ) 1/2 , b a constant, m the molecular mass, 
c 2 = v 2 -f- v* + w* and dr — du dv dw . 

m \ 3/2 2 

) e~ mc '2JkT dr 
2tt£T J 


(2) 
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where k is Boltzmann’s constant and T the absolute temperature of 
the gas. The identity of (1) and (2) is readily seen by putting 


b = 1/2&T 

Boltzmann’s theorem on entropy and probability. A gas 

at a definite temperature and pressure is in a sensibly constant mac¬ 
roscopic state, but its constituent molecules are in incessant motion 
of a random and chaotic nature, so that the microscopic state of the 
gas is continually changing. The reason for this state of affairs must 
be naturally sought in the fact that of all the possible microscopic 
states the vast majority correspond to values of the quantities which 
make the macroscopic state practically constant. If any microscopic 
state lias a value very much different from that of the macroscopic 
state, the probability of its remaining in that state is small. When 
a substance is not in a state of macroscopic equilibrium, its state 
changes until equilibrium is established. This process involves natu- 
rally an increase in the number of possible microscopic states. Thus, 
it is evident that an equilibrium macroscopic state is one for which the 
number of microscopic states i3 a maximum . 


On the other hand, according to the second law of thermodyna¬ 
mics in the form proposed by Cornot, the entropy^of a system tends 
always towards a maximum and the maximum entropy corresponds to 
the maximum disorder, hence to the statistical condition of maximum 
probability. From reasonings like this, Boltzmann concluded that 
there must be a relation between the thermodynamical entropy which 
has always a maximum value in cases of equilibrium and the maxi¬ 
mum probability of the dynamical equilibrium state. If S is the ent- 
rop? of »„ isolated ,,stem aort W the number of possiblem"!os»pL 
states through which the system passes in a given macroscopic state, 

both is and W tend to increase to maximum values and according to 
Boltzmann s idea, S is a function of W : 6 


S =/( W) 

where W may be called the thermodynamic probability of the state 

con^/twff' In order to render this relation more explicit, let us 

mndlnL!^ Se ? ar if^- 8y8 *® ms ’ havin 8 entropies S, and S 2 and ther- 
modynamic probabilities Wj and W 2 . Then 1 2 


s, = / (W,) and S 2 = /(W 2 ) 

The total entropy of the two systems is 

6 i + s * = / (W,) / (W 2 ) ... (l) 

together is^W ^ ermodynamic probability of the two systems taken 

J 2 * 

Hence / (W,W 2 ) = / (W 2 ) + / (W,) = S, + S 2 ... (2) 

function of 8 W lati0n “ be satisfied > / (W) must be a logarithmic 
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/ (W) = *? log W and S = k log W ... (3) 

This relation (3) can be established more rigorously as follows : 
Considering unit volume of a perfect monatomic gas in thermal 
equilibrium, let there be n molecules in it. The velocity components 
u> v t w of each molecule may be represented by a velocity point. 
Dividing the unit volume into a very large number of elementary 

volumes assumed equal, these will contain n 2 , n 3 .....velocity 

points, such that 


n i + w 2 n z •**•?*•** — n. 

When the n x velocity points, contained in the first elementary 
volume are permuted among themselves, n x ! complexions are obtained 
which are indistinguishable from one another, since they correspond 
to the same macroscopic state of the gas. Similarly, by permuting 
n 2 velocity points in the second volume element, ! equivalent 
complexions are obtained and so on. If, on the other hand, all the n 
velocity points are permuted in all possible ways, n ! distributions 
are obtained. These contain many equivalent complexions and we 
are interested only in those which remain distinct from one another 
for defining the macroscopic state of the gas. Now, the number of 
distinguishable complexions is given by 


On the 


n log n 


__ n ! 

W =-—_ 

! n 2 ! n 3 !. 

On the assumption that n is very large, using Stirling’s theorem, 
log W = n log n. — n — (n x log -f- log n t — n% 

+ ns log n 3 — % + *••) 
= n log n — n — (nx log n x + n 2 log n% + n 3 log n 3 + •••) 

4- (nx -4- n 2 + »s + •••) 

= n log n — (n x log n x + n % log n a + n 3 log n 3 + ...) 

— — (n x log n, + n* log »2 -f- n 3 log n 3 + ...) 

— — En x log n x 

omitting the constant term n log n, as it does not effect the present 
consideration. 

Replacing the summation by integration and using the relation 

- &tnc* j 

n x — n a e or, 


log W 


J n a e~ bmc * log (n a e' bmc dx) 

f n a dr (log n a + log dr — bmc % ) 

f na e~ bmC% dr log n a + bmc* J n a e~ bmc *dx 


since log dr can be omitted. 

log W as — n log na + bmn f c* a e' bm * s dr 

As the quantity J e® a e“ bme2 dr is equal to the mean square 

_ _ % 

velocity C 2 by definition. 
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log W = - n log ( na ) + bmn C 2 

Since Q* == 3/26m 

log W = — n log («a) + (3/2) n 

Further, as n oc 1/V and a o c b 312 oc l/T 3/2 » we g et 
log W = log (T 3 '* V) + ^ 

where N is the Avogadro number and G a constant. 

This result refers to unit volume. If V is the gram molecular 
volume, 

log W = N log (T s/ * V) ... (4) 

neglecting G. 


To relate this result with the entropy, let us derive an expres¬ 
sion for the entropy S of a perfect monatomic gas in terms of the 
temperature and the molecular volume. 

Let dQ be the heat supplied to the gas which is utilised in 
doing external work p dV and in raising the temperature by dT. 

Then dQ = C* dT +' p dV 

If dS is the change of entropy, 

dS = dQ/T, 

so that 

TdS = C v dT + p dV 

Since pV = RT, 


TdS = C„ dT + dV 
Dividing throughout by T, 

«*S = c, . ^ + R . ^ 

Integrating, 

S = C v log T + R log V, + a constant. 
Omitting the additive constant 

Jr 

S = C„ log T + R log v 
Since, for a monatomic gas C„ = (3/2) R, 

® = (^/2) R log T -f R log V 
= R (log T s/2 + log V) 

= R log (T s/ * V) ... ( 5 ) 

Comparing this with relation ( 4 ), we get 

. S = (R/N) log W = k log W 

is proved 8 Boltzmann ’ 8 theorera connecting entropy and probability 
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In classical thermodynamics the entropy is usually taken as 
the difference between the entropy in the actual state and the entropy 
in an arbitrarily chosen standard state. If the thermodynamic pro¬ 
bability in the standard state is W 0 , then 

S = h log W - * log W 0 = k log'(W/W 0 ) 

Further, the standard state is referred to that of absolute zero, 
since, according to Nernst’s heat theorem, the entropy at absolute 
zero is zero so that W/W 0 for that state is equal to unity. This 
means that the standard state of absolute zero is one of perfect 
order, in which the molecules aro either at rest or move with uniform 
velocity in parallel rows. 

On this basis, Boltzmann’s theorem of entropy and probability 
is written as ' 

S = k log P 

where P = W/W 0 represents the number of probable ways in which 
a particular state (other than that of absolute zero) can be realised. 

An expression for P may be derived by the use of statistical 
laws as follows 

Let us suppose that the entire volume containing n molecules 
of a gas is divided into a number of separate elementary volumes or 
cells , in which the molecules are distributed. Let these cells be 
designed by A l9 A 2 , A 3 ...A S and let them contain n„ n 2t n 3 ,.*.n s 
molecules, each with energy E lf E 2 , Ea.-.E^ respectively, subject, of 
course, to the following two conditions :— 

TCl 7^2 4- n 3 + + n s =■ En s = n {total number of molecules) 

?tjEi 4 " 712E2 4 ~ ngE 2 4 ~ •••••• 4 “W , $E a == Jtw^Ej = E (total energy). 

The possible number of ways this distribution can be realised is 

n ! _ n ! 

n x ! w 2 ! n 3 !.._ n s ! n n s \ 

To get the probability of this distribution we have still to con¬ 
sider the a priori probability of the distribution. For every one of 
the above possible ways there is no restriction on any one of the 
molecules occupying any one of the cells, since the molecules are 
considered distinct from one another, (each having a recognisable in¬ 
dividuality of its own) and each cell can accommodate any number 
of molecules. Hence, considering the distribution of the n s molecules 
in the A* cells, any one of the n s molecules can occupy any one 0 
the Aj cells. This means that the probable number of ways in wnic 
the n s molecules can be distributed in the A s cells is (AJ nj . In a 
similar manner, the molecules in the other cells can be grouped as 

) n i 9 (A 2 )l*, fA 3 ) n 3 > etc. All such groupings can therefore be done 

in n (A,/"* ways. , # , 

Hence the probable number of ways W, in which the esire 

distribution can be .effected, is given by 

n 1 /A S H * 

W = X 7C (A s ) ns = n\7r ( —t 

n n s 1 ^ n s ! 
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Now, since W 0 is the probable number of ways in which the 
molecules can be arranged in the state of perfect order, 

W 0 = n ! 

. p _ ^ n * \ 

W 0 n \ n s ! / *** (®) 

Equilibrium conditions and distribution law . The distribution 
law corresponding to the equilibrium state is governed by the primary 
condition that the state must possess maximum probability, as well 
as by the two subsidiary conditions concerning the total number of 
molecules and the total energy, stated above. For a gas in the 
steady state, t.e., in thermal equilibrium, 

£ jfe. 


A — * — 7 

S = Jc log P = k log 7 T J J 


log n s I ] 


S jk = E [n 5 log A, 

By Stirling’s theorem, 

log n s \ = n s log n s — n s 
Hence S/k = Z [ log A, _ n, log n, + n 5 ] 

Since, in the steady state S is constant, dS = 0 and dSjk = 0. 

w E dn > A , >og n,) — Zn s dnjn, + Z dn, = 0. 
amce Z n, is a constant, Z dn, = 0 and Z E, dn =0 Under 

ssssaa.’SESS* * ,so th “ A - is - ■****• 

log A, — log n, = 0 

Using the method of undetermined multipliers , we obtain 

log A, — log n, — A — (3E, = 0 

‘ W ° und “ , »™ i " e ‘ 1 »■—»«■. to"". « Lagnvgim 

The above relation can be put in a more convenient form : 

jlk a . 


log 


A, 


nj 


= PE, 


or 


A, 

n 


= /e 




distributed in the A cells and f is »n ^ content of the n, molecules 
depends on the conditions o’f tv, " unkno ^ n . function whose value 
degeneracy parameter. th CaSe and 18 ordinaril y called the 

The classical distribution law is therefore given by 

it , M n ’ = '^A^//)e ^ V #7\ 

feH A cMMvLZ 866 lu &t the nUmber ^ corresponding to the 
as the'size A of the cell^nd 1 belonging to this cell as well 

equal size one wfth ’ . d that in s . uch a wa 7 ‘hat among cells of 
smaller energy The M^n e !£ Tgy , 18 nofc 80 wel1 fi l led as one with 
obeys an expSenS^law, ^ Val " e ° f *• with in ^ a8 *"g ^ergy 

the above la T of distribution of velocity can be deduced from 

to £ZX S vaIues of A, / and E , proper 
lue case , it can be shown also that (3 = J/kT. ^ 
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QUANTUM STATISTICS 


The quantum statistics was first formulated in 1924 by Bose in 
the deduction of Planck’s radiation law by purely statistical reasoning , 



Dr. S. N. Bose 


without having recourse to 
the roundabout method of 
employing absorbing and 
emitting oscillators, as was 
done by Planck. Certain fun¬ 
damental assumptions were 
made in this theory, which 
were radically different from 
those of the classical 'statistics. 
Einstein in the same year 
utilised practically the same 
principles in evolving the 
kinetic theory of gases, as a 
substitute for the Boltzmann 
statistics. Thus a new quan¬ 
tum statistics, known as the 
Bose-Einstein statistics came 
to be accepted. Two years 
later, in 1926 , Fermi and 
Dirac found it necessary to 
modify the Bose Einstein 
statistics in certain cases, on 


the basis of an additional principle, suggested first by Pauli in 
connection with the electronic structure in atoms and known as 
Pauli’s exclusion principle. This led to the recognition of a second 
kind of quantum statistics, called the Fermi-Dirac statistics. 

The essential difference between the three statistics , ‘the classical 
and the two quantum ones; may be illustrated in the following simple 
manner :—Let us suppose that there are only two members oi a 


Classical 


iP<F 



! P 

' 4] 




Bose-Einstun 





t 



Fermi-dirac 

Fig. 187. Illustration of the three statistics, 
collection and only two cells to be occupied. The special feature> o 
the classical statistics is that each member is assumed to. na ^ 
recognisable individuality , hence distinct from the others, am e ? c . 
as likely to be in one cell as in another. This means tha , in ^ 
present case, each or both of the members can occupy any one 
the two cells. We can have therefore four possible arrangerne 
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each of which is to be counted in assigning a probability to the dis- 
tabution, as shown in Fig. 187, where the two members are designa¬ 
ted by two different letters p and q. In the Bose-Einstein statistics, 
however, the members lose their individuality, hence are indistinguish- 
abU, and attention is concentrated on the 'cell rather than on the 
individual members. In the figure, therefore, the members are re¬ 
presented by indistinguishable points. Each cell may have any 
number of points, so that three arrangements are possible in the case 
considered. In the Fermi-Dirac statistics, (based on Pauli’s exclusion 
principle, according to which not more than one electron in a system 
can be m the same quantum state), although the idea of individualis¬ 
ing particles is given up and attention is concentrated on the cells as 
in the Bose-Emstein statistics, yet it is not possible to have more 
than one representative point in any one cell. A cell can contain 
one point or none ; each alternative is equally likely ■ but it is impossible 
that a cell should contain two or more. Hence in the case under con- 
sideration, only one arrangement is possible, as shown in the figure. 

When there are a large number of cells and comparatively few 
members to be arranged in them, there is no great difference between 
the three statistics, since the likelihood of any cell containing more 
than one member is very small. But when the number of members 
is comparable with the number of cells, the three statistics lead to 
divergent results. We shall now derive expressions for the distribu- 

t on laws m the two quantum statistics, in a banner analogous to 

that employed in classical statistics, so that the divergency iif results 
may be readily compared and studied. ivergencj in results 

Bose-Einstein statistics. Bose regards radiation in a tern 
perature enclosure as composed of light-auanta or i te .°V 

energy * v where v is the frequency of the oua^n™ P * Wlth 

present views regarding matter and energy 2 li»hfc o.mnt 00 ^ g *° 
mass Av/c* and a momentum Av/c where r- Kl qU * nt “ m r h , as , a 
The light quanta in the enclosure are .W«( • °f hght. 

another, t.c. no unchanging individuality c^ beamed £°?h T* 
the number of light quanta is not 

Quanta of fraquenoia, v„ v , without fay t l, '’o/’T,’'™ ° f 
dition, provided v = v . + y 1 .. ot the ener gy con- 

kinetic theory of a monatomic gas assumes i W ^ r 

gas are like light quanta indiaf-inr/is* if U u? eS tJle naolecules of the 

Snlika i„ .ho SLtSL'T ' b “ 

j i*i . * e of molecules is conserved. 

atatoa of » “fembe”, Su'th po h “ il,fe 
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of constant energy. But in quantum statistics, the phase-space is 
divided into finite elementary regions of constant energy content, 
which are sometimes denoted as 4 * sheets* 9 and each of these “sheets” 
is partitioned into still smaller “ cells' * of finite size , a cell represent¬ 
ing the smallest phase-space that can contain any representative 
point at all. The finite number of sheets results from the quantum 
theory, according to which, only certain definite values of the energy 
of a system are permitted, so that the number of possible microscopic 
states of the system is finite and the phase-space can be divided only 
into finite regions of constant energy . A change in the energy of one 
of the systems is represented by its representative point jumping 
from one sheet to another without occupying positions intermediate 
between the sheets. 


It is further legitimately assumed that the elementary phase-cells 
have a finite size , of magnitude A 3 , in accordance with Heisenberg's 
uncertainty principle. For, this principle states that the position 
and momentum of a particle cannot be more exactly defined than is 
consistent with the relation dp x . dx h. Now, since a particle is 
defined by three pairs of conjugate coordinates, for each of which the 
above relation holds, it follows that dp m .dx x dp v .dy X dp e .dz =* A • 
In other words, one cannot make a finer division of the phase-space 
than that given by the above relation, since it is impossible to decide 
by experiment in which of these cells a particle lies. 

The problem to be solved may be stated as follows ; Considering 
a sheet, say the s , in the phase-space let there be a definite number, 
A„ of cells in it, whose energy content ranges between E, and 
+ dE 5 . A definite number of particles, say n s are to be distributed 
among the A s cells. The conditions to be observed are : (*) th© 

particles are indistinguishable from each other, so that there is U© 

. distinction between the different ways in which the n s particles can 

be chosen ; (ii) each cell may contain 0 , 1 , 2. up to n s identic® 

particles ; (tit) the sum of the energies of all the particles in tne, 
different sheets taken together constitutes the total energy of t e 
system. 

The process involved in such a distribution of identical particles 
is known in Algebra as combination with repetition which we s a 
employ here in a simple and inductive manner, as follows : 

Let the individual cells in the s sheet be denoted by c l9 c% 9 h 
etc., the number of them being, by definition,.equal to A,. LfifcpvPv 
p 3i etc. represent provisionally the individual particles of the o ^ 
number n s in the sheet. We have to distribute these particles anQ0 ® 
the A s cells and determine the number of distinguishable b 

ments. To this end, let us consider an arbitrary arrangement sue 

as 


©i Pi Pz Ca p z Pa Ps c s V* c 4 Vn Ps c s c « 2V~ 

In this distribution, p 1 and p% are supposed to be in the cell Ci, ^ 3 ’ on ^ 
and p 5 in cell c 2 , p % in c 3 , p 7 and p 6 in c 4 , no particle in * be a 

This means that the first letter in the sequence should eviaen y 
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c. We therefore obtain all possible arrangements by writing down a 
c at the head of the series, which can be done in A s different ways, 
and then writing down the remaining ( A s — 1 + n s ) letters in arbit¬ 
rary manner one after the other. The total number of these arrange¬ 
ments is, therefore, 

A* (A, + nj — 1 )! ... ( 1 ) 

The cells among themselves and the particles among them¬ 
selves can be permuted in A s ! n s ! ways. These, however, do not 
represent different states. Hence the number of distinguishable 
arrangement in the s th sheet is 

(Aj + n $ — IM (A x + n s — 1 ) ! 

A, ! n 5 ! (A 5 — 1) 1 n s ! 

Considering all the available sheets, with particles in the 
first, r &2 particles in the second and so on, the total number of dis¬ 
tinguishable arrangements is given by 

(Aj + »«-!) ! _(A, + n s )! 

71 (A, — 1) ! «,! ~ " A,! n, ! 

neglecting 1 in comparison with the large numbers of A 5 and n s . We 

call this the probability of distribution, according to Bose-Einstein 

statistics, so that we may write, on the analogy of the classical 
statistics, 

(Aj 7l $ ) l 

, • ^^kution ^ aw of Bose-Einsrtein statistics can now be 

obtained by determining the most probable distribution , as in classical 
statistics. 

P ®r e ^ UbSt i tUting in the re,ation - S = * log P, the value of 
Ir given by ( 3 ) we have 

S = (A, + n s) '■ 

Aj ! n s ! 

By Stirling s theorem, this becomes 

S/& = 2 [(Aj -f «,) log (A, + n s ) — A s — n s 

~ log A, + A, —n s log :i s + n s ] 

= 2 [ (Aj + n s ) log (Aj + n s ) — A, log A, — n s log nj 

A is th8:t ! n the eq “ ilibrium sfcate dS /k = o and that 

E [dn s log (Aj + n s ) -(- (A, n ; ) dn s /(A s + n s ) 

- dn , log n s - n s dnjn s ] = 0 

E n fZ° ® ufa ® id ? ar y conditions, E n s — n (constant) and 

out * while in f nstant )’ ln * he ® a8e of light quanta the first drops 

ncncated. Considering here the general case for which E dn, = 0 
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and £ E 5 . dn s — 0, and using the method of undetermined multi 
pliers, relation (4) can be put as 

log (A, + n t ) — log n, — A — = 0, 

which can be further reduced to the more convenient form 


log [(A, + n s ) I n s f] 

* 

or (A, + n ,) / n s 



i.e., (A, j n s ) 1 — / * 


n, = A,/(/e pE * - 1) ...(5) 

whieh represents the distributiou law in the Bose-Einstein statistics. 

Fermi-Dirac statistics. As already indicated, a special res* 
triction, due to Pauli’s principle, imposed on the Bose-Einstein 
statistics leads to the Fermi-Dirac statistics. Let n s be the number 
of particles in the s sheet, distributed over the A s cells in it. 
Among the A s cells, n z are occupied by one particle each and the 
remaining (A^ — n s ) cells are empty, since, according to Paulies 
principle, no cell can be occupied by more than one particle. The 
possible number of such a distribution is given by A s !, correspond¬ 
ing to the permutations of the A^ cells. But on account of the 
indistinguishability of the particles, the same state is denoted by all 
distributions among A,!, which only differ from one another by 
permutation of the n s occupied cells or of the (A* — w 4 ) empty cells. 
Hence the distinguishable arrangements in the 5 th sheet are 

A, ! / n, ! (A, — n s ) ! —(®) 

# 

Considering all the shoets, we may write, as in the previous 

ease, 

P = * [A,! / ! (A, - n s ) !] -( 7 ) 

To find the most probable distribution, we take 
8 = k log -n [A, ! / n t ! (A, — n,) ! ] 

Applying Stirling’s theorem, 

S / k — E [A, log A, — A, — n, log n, -f- n, 

— (A, — n~) log (A, — n s ) + A, — »,] 

= E [A, log A, - (A, - n t ) log (A, - »,) - », Io « n ‘> 
In the state of equilibrium, dS — 0. Hence 

E [dn s log (A, — n s ) + (A, — n,) dn s / (A, — »,) 

— dn s log n t — n t dn s / n t ] = ® 
remembering that A s is not subject to variation. 

Taking into account the two subsidiary conditions, v * z ' f 
£dn s = 0 and £ E ff . dn s — 0 and applying the method of unde er 
mined multipliers, we obtain 

log [ (A s — »,) / wj — A — pE, = 
which can be put in the form 

log [ (A s — n s ) / nj] = pE, 
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i.e., (A, / n s ) - 1 =/e pEj 

n, = A s / (/ e pE * + 1) .(8) 

This is the distribution law of the Fermi-Dirac statistics, which, 
but for the + sign in the denominator, is the same as in the case of 
the Bose-Einstein statistics. The difference in algebraic sign, how¬ 
ever, implies a fundamental difference between the two statistics, 
since the denominator in (8) is always greater than one, unlike in (5). 

Comparison of the three statistics : the degeneracy para¬ 
meter. The distribution laws according to the three statistics are :— 


n — _ 

* /e pE « 

(Maxwell-Boltzmann) 

M-B 

A, 

/c pE * _ l 

(Bose-Einstein) 

B-E 

» — 

(Fermi-Dirac) 

' /e pE *+l 

F-D 


When f is very large compared with one (/ >. 1), the distribution 
laws according to both B-E and F-D statistics reduce to that of the 
M-B statistics. This is found to be the case for all ordinary gases 
at normal temperature and pressures. Hence, in the region in which 
the kinetic theory of gases is valid, there is practically no difference 
between the three statistics. 

When f is very small compared with one (f ^ 1), the distribution 
will not be according to M-B statistics, but follow the B-E or F-D 
statistics. In such a case, the collection of the particles is said to 
be in a state of degeneracy , when nearly all the cells are filled, since 
the relations of the B-E and F-D statistics reduce to n s .= A s 
approximately. The determining factor of the degeneracy of a state 
is “f” which is therefore known as the “ degeneracy parameter”. We 
shall deal with this quantity in detail in the next section, where we 

shall study some important applications of the two kinds of quantum 
statistics. 

APPLICATIONS OF THE QUANTUM STATISTICS 

A. Bos e-Einstein statistics has been applied with great 
success to two phenomena, viz. t black body radiation and gas degenera~ 
tion which, in consequence, also form its experimental supports. 

1. Black body radiation. Radiation from a black body at a 
temperature T absolute and in thermal equilibrium is supposed to 
consist of light quanta or photons of energy content hv, moving in all 
possi^ e directions with the velocity of light cand therefore possess¬ 
ing V e momentum p — hvjc . Each photon can be represented in a 
six-dimensional phase-diagram, defined by the space coordinates 
x > y t z and momentum coordinates p xi p v> p , 

such that ( p K , p U9 p z ) = (&v x , hv yt hv t ) j c 

where (v„ v„, v 0 ) = v (a, p, Y ), 
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a, p, y being the direction cosines of the motion of the photon. The 
components of the momentum vector p satisfy the condition : 

Px + Py + Pe 2 =? (W — (1) 

In order to find the distribution of energy in the spectrum of 
the black body radiation it is necessary to estimate the photons 
within the energy range Av and A (v + dv) or frequency range v and 
(v + dv) or the momentum range p and p + dp. For this purpose, 
we must find the phase volume g described by these photons, which 
is given by 

9 = JJJ dx dy dz JJJ dp x dp v dp * 

Now JJJ dx dy dz — V, where V is the volume of the enclosure 
containing the radiation, 

p -|- dp 

4 

"3 


and JTf dp x dp v dp. 


d 


7C p 


since the integration is to be carried out over the volume of a spheri¬ 
cal shell of radii p and p dp. 


Changing the variable from p to v, the above expression 


be¬ 


comes 





d (Av / c) 3 , since p = Av / c 


On integrating, we get 

4tt / 3 . (A 3 /c 3 ) . 3v 2 . dv = 4 7T (A 3 / c 3 ) . v 1 

TT 47TV 2 . dv . A 3 

9 = V .--v- 


dv 


*# * 


( 2 ) 


Introducing the quantum idea that each elementary phase- cell has 
the volume A 3 , the number of cell per unit volume in the shell boun 
ed by the frequencies v and v + dv is given by 

<7 47rv* . dv 

V/f3 = c 3 ' 

Taking account of the doubling of states due to polarisation of the 

photons, the number of cells per unit volume available for the p 0 
tons in the frequency range v and v + dv is given by 

47iv 2 dv 8-7rv 2 dv ■ ifi (3) 

7*3 qZ i 


A, = 2 


If the number of such photons, denoted by n s , are identic* , 
i.c., indistinguishable from one another, B-E statistics can be emp oy 

ed to determine the distribution of the n s photons in the A, ce * 
Remembering that in the equilibrium state dS = 0, subject to 
single, subsidiary condition 27 E, . dn z — 0 (hence only one un ® ■ 
mined multiplier is to be used, we get, as already shown (Cj. p- '* 

log (A, + n s ) — log n s — PE, = 0 
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or 


A . 3E, 

n,= A s I e — 1 


* * 



The energy density of radiation of frequency between v 
v + dv is given by 

n s . hv = (A, / e pEj — 1) . ftv 

Substituting the values* of A, ( == 87 rv 2 dv/c 3 ), p ( = 1/^T) 
( = kv) we get the energy distribution law 

/iv IhT 

dE = n s . hv ~ (8ttv 2 dv / c 3 ) . (Av / e — 1) 

which in terms of wavelength A becomes, [ since v — c/A 
dv = - c (dA/A 2 ) ], 


and 


dE = — 


8tc& 


cdA 


A 3 


A 2 


hclXk'i 


Sirkc 

~XT~ 


dX 

he JyJcT 


a 


nd 


.( 6 ) 


This is Planck’s formula. Hence the Bose-Einstein statistics, 
while confirming the validity of Planck’s law, has the merit of using 
only photons and no other hypothetical resonators in the deduction 
of the law governing the black body radiation. 

2. Gas degeneration. Considering a volume V of a mona¬ 
tomic gas, let us suppose that the molecules in it are distributed in 
equi-energy cells lying between E 5 and E^ dE^, E^ being the energy 
of each molecule. Each of these molecules can be represented in- a 
six-dimensional phase-diagram defined by the space coordinates x t y, 
z and momentum coordinates p xi p v , p z such that 

(Px> Py> pz) = m ( v *> V V ») 

where m is the mass of the molecule, v x , v y , v e are the three compo¬ 
nents of the velocity vector v of the molecule. This follows from the 
fact that the momentum p of the molecule is equal to mv . 

• ,i 

Further, since the energy E, = 1 / 2 mv 2 or 2?nE 5 = ?n 2 v 2 — p~ 
the three components of the momentum vector p satisfy the 
condition : 

p, r 2 + p y 2 + Pz 2 = 2mE, ... (1) 

The phase volume g s at the disposal of each of the molecules 
considered is given by 

9s = 5 J J dx * d V * dz I J J d Px • dp 9 . dp z 

The first integral J J J* dx . dy . dz = V. The second integral 
refers to the volume included within the spherical shell of radii p and 
p + dp. Hence 

V + d V 

J J J dp 9 . dp y , dp z ss f d 
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Changing the variable from p to E,, we 

E, + dE s 
47r 



d (2mE f ) ,/a [since p = (2wE J ) 1/ *J 




4tc 

T 


4. c?E^ 


(2 mf'. (3/2) . E/ /a . dE, 


E 


*/* -n 1/f 


• » 


- ( 2 ) 


= 2 w (2m)"' E/." dE, 

= V . 2tc (2m)’'* E/'* <*E, 

As the volume of each elementary phase-cell, according to the 
quantum theory, is h z , the number of cells, A„ within the energy 
range E, and E s + dE„ is given by 


A, 


9s 

h 3 


2nV (2mf* E/'* dE, 


k 3 


... (3) 


Supposing that n s is the number of molecules distributed among 
these A s cells and the molecules are indistinguishable from one 
another, B-E statistics can be employed. 

In the equilibrium state dS — 0, subject to the two subsidiary 
conditions, viz . 27 dn s = 0 and 27 E, ♦ dn s = 0. This leads to the 
relation 

log (A, + n s ) — log n s — \ — pE, = 0 
or n s = —— •*’ W 

5 . PE# , 

/ e — 1 

Substituting the value of A. given by (3) and that of p 
= 1/kT) 


( 


n 


2ttV 

h 3 


• (2m) 


•it 


E/ /# dE, 


E s /kT 


... (5) 


/e”"’” — 1 

Since E = n and 27 E, = E, where n is the total number 
of molecules and E the total energy, 

2wV E/'’dE, 


n 


7? 


(2m) 


E 




/«*■'« _ 1 

E/'*dE f 

E jlA ' 


/e -1 

Changing the summation into integration and putting E,/4T = x, bo 
that dEj =W , da: 


QO 


2wV 



(2m) 


,/, (fcTs) 11 * .lcT.dx 

ft* — 1 


0 
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h* 


(27rmfcT) 


3/1 


°p 1*3 J 

x dx 


Vrr J J e 


0 


1 


h 3 


(2KmfcT)*'* . A (/ ) 


... ( 6 ) 


where 


2 T x 1/2 da: 

A(/) = vrl7^ 


0 


ao 


n . 2*V (kTx) f,t . kT.dx 

K =J~p~ { > — ft* — 1 
0 


X- (2^mfcT) 3 '’ . fcT . - 4 = 

A 3 V7C 


°f s 3/ * dx 

J /c x - 1 


o 


where 


B (/) 


3 V 
2 h 3 

(27r?nfcT) 

4 

f x 9l% dx 


1 /e* - 1 


3/2 


. AT . B (/) 


o 


... (7) 


WAen /ts greater than one, the integral functions, A (/) and B {/), 
can be evaluated by expanding in series so that we obtain 

. . 1 1 1 

(j) j* "r 2 3/2y*a ^ 3 /2 y3 ‘ 

B (/) = y- + + . 

When / is very large (/ >► 1), we get, to a first approximation, 
A (/) — B (/) = 1//, so that equations (6) and (7) reduce to 


n 


•jrg (2ttwAT) ^ • 1 If 


... ( 8 ) 


E 


Y • -p- (2*mfcT) 3 ' 3 . fcT . 1// 


... (9) 


Dividing (9) by (8) 

E/» = (3/2) fcT 
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E = (3/2) nkT = (3/2) RT ... (10) 

Thus we obtain the same result as in the classical statistics. 

Gas degeneration sets in, as already indicated, when f is very 

the IsWn? t0 A ° ne ' ll t ° r , der t0 stud y th . e conditions under which 

Takfncr th» a 68 e o ftnera ^e, let us first obtain an expression for •/’. 
raking the approximate relation (8), 


V 


f = nh3 - (2nmkT) 


3/1 


If unit volume of the gas is considered, V = 1, so that 


/ 


(27zmkT) 


3/1 


nh 3 


... ( 11 ). 


„„ f ~ foh j s very sma u compared with unity, then, 

g s, even if considered perfect, because the finite size of the 
mo ecu es and the inter-molecular forces are negligible, would still 
show a departure from the laws of an ideal gas due to the fact that 

+ e , F 10 ecu ^ r velocities are subject not to the classical statistics but 
e quantum statistics. The gas in this condition is degenerate . 


As the expression for *f* contains three variables, viz., m the 
mass of the molecule, n the number of molecules per c.c. and T the 
a so u e temperature of the gas, the criterion of degeneracy will be 
based on the magnitude of (mTp/», according to the relation (11). 
Hence the gas can become degenerate in three different ways :— 

When the temperature *T' is very low . Plotting the energy E 
o e gas as a function of its temperature T, a curve of the type 

shown in Pig. 188 is obtained. 
Below a certain value of T the 
full line ,$hows the relation bet¬ 
ween E and T of a degenerate 
gas, while the dotted line 
through the origin that of a 
non-degenerate gas. E 0 is 
termed the zero-point energy, 
which will be understood when 
we deal with the application of 
the F-D statistics. The tem¬ 
perature at which degeneracy 
- begins to appear varies as n 2 l 3 jm. 
It is about 5°K for helium gas. 

Fig. 188. It is evident that it is very 

difficult to test the condition of 
degeneracy at such low temperatures, not only on account of the 
technical difficulties, such as very high pressures involved* but also 
due^ to the fact that in that region, even according to classical 
statistics, gases no longer behave as ideal gases. At any rate, gases are 



523 


QUANTUM ELECTRON THEORY OF METALS 

never degenerate at ordinary temperature* and pressures. For 0 ^’ 
ample, considering hydrogen gas at room temperature (T == 300 K) 
the value of i J f is found to be of the order of 10 5 *, for heavier gases 

/ becomes still greater. 

(6) When the number ( n ’ per c.c. is very large. This condition is 
realised in certain stars i e.g., white dwarfs) where the density attains 
high values of the order of 10 5 , so that the gases in those stars are in 
a state of degeneracy, in spite of their very high temperature. 

(c) When the mass i m * is very small . This is tho case for the 
so-called electron gas which we shall discuss below on the basis of the 
F-D statistics. 

B. Fermi-Dirac statistics has many applications which have 
been carefully worked out by Sommerfeld, but the. most fundamental 
among them is the quantum electron theory of metals . Hence we 
shall first consider this basic application and then pass on to the 
others. 

1. Electron theory of metals. The various properties of 
metals, such as electrical and thermal conductivities, thermoelectricity, 
thermionic and photoelectric efFectB, etc., can be explained, as we 
have already seen, on the assumption that metals contain free elec¬ 
trons which constitute a perfect gas known as the electron gas . 
Riecke, Drude, Lorentz and others, since 1900, applying the classical 
statistics to the electron gas succeeded to a certain extent in explain¬ 
ing many of the phenomena dependent on the motion of the free 
electrons in metals (cf. pp. 54-102). But, over and above the inade¬ 
quate nature of such explanations, very serious difficulties were en¬ 
countered in the use of classical statistics, the chief among them being 
the specific heat of metals (cf. p. 103). For these reasons the theory 
of the “electron gas” was discredited to some extent. 

Sommerfeld, in 1928, however, revived the electron theory of 
metals on the basis of the new quantum statistics. According to 
him, the electrons in metals are not completely free but only partially 
so, in the sense that though they are not bound to any particular 
atomic system, yet are bound to the metal as a whole. The interior 
of the metal is to be conceived as a region of uniform potential, 
positive relative to free space, so that work is required to extract an 
electron from the metal. The electrons in metals cannot therefore 
be compared to the free molecules of a gas obeying the classical 
statistics. Moreover, owing to their light mass (nearly 1/2009 that 
of hydrogen) and dense packing, the electrons in the metal should be 
assimilated to the molecules of a gas under very great compression 
(the calculated pressure for electron gas being of the order of 10 & 
atmospheres), hence to a degenerate gas. Further, since these 
electrons are assumed to be governed by Pauli’s exclusion principle 
they should obey the Fermi-Dirac statistics. 

To obtain the law of distribution for the electron gas according 
to F-D statistics we proceed exactly in the same w 7 ay as in the ap- 
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plication of B-E statistics to gas degeneration, given above, and obtain 
almost identical results, except for the following two modifications :— 

(t) A positive sign appears before 1 in the denominator of the 

formula for n„ viz., A s //e pE * + 1 (c/. p. 517). 

(W) Owing to a special property of the electron, known as 
spin, of which we shall speak later at length, each cell of the momen¬ 
tum space can contain , not one electron alone (as assumed above in 
the general development of the F-D statistics) but two , corresponding 
to the two directions of spin. This means that the quantity A, 

appearing in the numerator of the formula must be multiplied by 
two. 


Introducing these changes, appropriate to the case, we get 




Let us leave aside, for the present, the spin factor. As before, 

changing the summation into integration and putting E,/fcT = x, 
we get 



(2nmlcT )" s . A (/) 



V 

*3 


(2mjfcT) 3 '*. jfcT . B (/) 



where A (/) 


2 r dx 

v^r J /e* +1 


and 


■R ,t\ _ 4 f dX 

B (/) /«* + 1 

o 

(») When f >. 1, we can obtain A (/) and B (/) in the form of a 


aeries, as 


A (/) 


B(/) = 


+ 


3 3,1 /s 


+ 


w/ / 2 s/s /» 3 & l*f> 

90 that to a first approximation A (/) = B (/) 
13) and (4) reduce to 

» = (27rml:T) ,,, . 1// 




Ilf, and equations 


... (5) 
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E = . (27tmfcT) 5 '’. kT . Ilf 

= (3/2) nkT (as in classical statistics). 

From equation (5), if n refers to unit volume 

/ = (2nmkT)* J2 jnh 3 

Substituting the known values of m t n, k and h in relation (7), 
the temperature, at which degeneracy sets in, can be estimated and 
it is found to be very high, about 36,000°K. Hence the electron gas 
will be almost completely degenerate even at ordinal temperatures 
(—' 300° K), which justifies the assumption of Sommerfeld. From 
this it follows that we should carefully analyse the case proper to a 
degenerate gas, vtz.f << 1. 

(it) When f < 1, both A (/) andB(/) assume asymptotic 
forms, viz., r 
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...( 6 ) 

...(7) 


A(/> " 37T ( 1 + 8? + 


B (/) = 


8 


« 6 ' 2 ( 1 + +. 


15 V 7 t V ‘ 8a 2 

where a — — log/ or / — e“ a 
t Substituting the value of A ( / ) in equation (3), we get 

V 47T 3/2 


n ~ 


k 3 



a °' 2 (1 + 7c 2 /8a 2 + ...) ...(8) 


a= ( 


This relation, to a first approximation, gives 

_ ( 3n yi* h 2 

\ / 2mJcT 

where n refers to unit volume, t.e., V = 1 c 
To a second approximation, we have 

3» \ 2 / 3 k 2 r _ 1 / 4:7rmJcT \ 2 f 7C \ 4/3 

J \6n / 

Substituting the value of B ( /) in equation (4), we hale 


...(9) 


4v 


2mkT 



+ 


E = 


h 3 


(2nmi:T)’ / ‘ . jfcT 


i +a + 


8a* 


...( 11 ) 


Replacing a by its value given by equation (10) and referring n 
again to umt volume (V = 1), we get 6 

3 h 2 ( 6n\ 2/3 


E = 


40 m V 7t 


1 + 


47rmfcT \ * / 7t 

) V 6n 



/* 


+ 


...( 12 ) 


ar f» position to study the important characteristics 
of the Fermi-Dirac distribution of the electrons in metals. 



526 


FUNDAMENTAL,CONCEPTS OF ATOMIC PHYSICS 


(t) Zero-point energy . Relation (12) shows that even at T 
the system has a mean energy e 0 given by 

3 h 2 f 6n\*/ 3 


0 , 


E ft = 


40 


m 


7 r 


...(13) 


This property is closely connected with the Pauli’s exclusion 
principle involved in the F-D statistics. In the classical theory, the 
absolute zero is characterised by the fact that the mean kinetic 
energy of the gas (3&T/2) disappears at that temperature, and accord¬ 
ingly the energy of every individual molecule also disappears ; in 
other words* at absolute zero the gas molecules are at rest. The case 
is different in the F-D statistics ; here each cell can have only a 
single particle, in the state of lowest energy, all the cells of small 
energy are filled, and the limit of *■ ‘filling up” of the system of cells is 
given by the number of electrons. This limit is characterised by the 
momentum p 0 of that cell, up to which the filling up reaches. The 
total phase volume occupied by n particles at the absolute zero 
taking into account the spin factor = 1 / z nh 3 . This is equal to the. 

volume of the momentum sphere — 7 t p 0 z . Hence p 0 = (Snh^fSn) 1 ^ * 


The limiting energy E 0 is then given by 

_ 1 ( 3nh 3 \ 2 / 3 * h* 
2m 


E, 


3 ra \ 2 ' 3 


2m V 8 7r 


2 m \ 8tt 


...(14) 


If the spin factor is taken into account it can be shown that 


71 



. _ 3 h* /3» \* /3 

E ° “ 40 m \ 7T ) 

* • 



( it) Energy distribution . 

According to the classical 
theory the distribution of 
energy at temperatures other 
than the absolute zero will 
follow the familiar Maxwellian 
distribution curve, as shown in 
Fig. 189 for temperatures 300°K 
and 1500°K. A few electrons 
have high energy, but the 
majority of them are grouped 
round the mean value 3&T/2, 
which at 300°K is equal to 
about 0*04 electron volts and at 


1500°K to 0*2 electron volts. Thus there is a change in energy of the 
electrons with change in temperature. 
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The energy distribution according to the F-D statistics is quite 
different. Using relations (1) and (12), the energy distribution curves 
can be plotted at different 
temperatures of the electron 
gas. The curves thus ob¬ 
tained are as shown in 
Fig. 190 for temperatures 
0°K and 1500°K. Unlike 
in the classical theory, here, 
not all electrons have zero 
energy at absolute zero ; in¬ 
stead the curve for 0°K 
starts from the origin and 
rises as a parabolic curve, 
convex upward, until a 
maximum value of E 0 is 
reached. The curve then 
suddenly drops to zero, 
indicating thereby that no 
electrons possess energy greater than fi 0 , or in other words, that up 
to the energy value E 0 the cells are completely filled, while the cells 
with greater energy values are empty. In this case, the quantity a, 
as the approximate relation (9) shows, varying as 1/T, becomes 
infinitely great and hence / — e _<x infinitely small. Comparison of 
relations (9) and (14) shows that we can put approximately 
a = E 0 /&T. The distribution function which is approximately valid 

for large values of a, t.e., for low temperatures, is, then, using equa¬ 
tion (1), 


Y 



Fig. 190. Energy distribution — 
F-D statistics. 


n 


4ttV v 3/1 


E 




(E - E 0 )/*T 


+ 1 


• * * 


(15) 


. „ . When T is zero . the exponential term in equation (15) is either 
infinity or zero, according as the variable E is greater or less than E 
Thus we see that the density of the electrons in the phase space is 
zero for all values of the energy greater than E 0 . The corresponding 
velocity of the fastest electrons is obtained from 


E„ = 




and therefore is given by the relation 

3« M/3 


max 



87T 


... (16) 

Now, if it be assumed that the number of free electrons per 
unit volume is of the same order of magnitude as the number of 
atoms per unit volume, the number of electrons n per unit volume 
in platinum is 6-6 x 10** Using relation (14) E 0 can be estimated 
It is found to he 6 eV, so that the mean value e 0 is 3-6 eV, which is 
many imes greater than the mean energy given by the classical 
theory even at as high a temperature as 1500°K, viz., 0-2 eV. Thus' 
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we arrive at the astonishing result that even at absolute zero the free 
electrons in a metal have enormous energies. 

(n’t) Solution of the difficulty arising from the specific heat. Ex¬ 
periments show that metals obey the Dulong-Petit law, viz., that 
their specific heat referred to 1 mole is 6 calories per degree. Now, 
according to the classical theory, if there is equipartition of energy 
between the free electrons and the atoms in metals, the specific heat 
referred to 1 mole should be 9 calories per degree, which certainly is 
not warranted by experiment. This is the chief difficulty against 
classical statistics, expressed here in a concrete manner. 


The F-D statistics solves it in a very elegant manner as 
follows :—Referring to F-D distribution curves (Fig. 190) the two 
curves at 0°K and 1500°K coincide over a good portion with each 
other. This means that the total energy of the electrons changes very 
little with rise of temperature. Hence the electrons will contribute 
very little to the change in energy of the metal as its temperature 
rises, i.e., to specific heat. Thus the difficulty regarding specific 
heat disappears in the new statistics. If we differentiate the expres¬ 
sion for E given by equation (4) with respect to T, we get the specific 
heat at constant volume C,,, per electron, as 


Tz^mk 1 

h? 


Sn 
3 n 


2/3 


... (17) 


Hence the specific heat is proportional to the absolute temperature 
and vanishes at the absolute zero, in accordance with Nernst’s heat 
theorem. On substituting numerical values in the above relation, it 
is found that the contribution of the electrons at ordinary tempera¬ 
tures is of the order of 1/100th of that of the atoms. Hence we 
should not expect to detect it in specific heat measurements at 
normal temperatures. It is only when very high temperatures, of the 
order of 10,000°C, are reached, that the tight packing of the elec¬ 
trons gradually becomes loosened and the electrons make a notice¬ 
able contribution to the specific heat. 

(iv) Asymptotic approach to Maxwellian distribution. The sharp 
discontinuity that occurs for 0°K curve at E 0 becomes “rounded off 
more and more as the temperature rises, as seen in the 1500°K curve. 
This means that as the temperature increases the electrons are 
gradually raised to higher states of energy, but the change in the 
electronic distribution begins to take effect only at the place where 
the Fermi function falls away. In this region, the curve approaches 
the energy axis asymptotically, where it can be shown that t 
distribution follows approximately Maxwell’s law. Hence there ts 
maximum energy limit for the electrons in metals , except at absolu 
zero ; a few of them have all energies. 


2. Thermal and electrical conductivities. These 
closely allied phenomena were explained by Sommerfeld on the 
of the F-D statistics. His theoretical explanation depends, asalreay 
noted, on the legitimate assumption that the electron gas, responsi 
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tor the conduction properties, is in a state of complete degeneracy at 

ordinary temperatures, due to the light mass and dense packing of 

the electrons. Hence the statistical attribution of the electrons is 
not of the classical, but of the F-T) type. 

. The function F (v a , v v , v c ), giving the distribution depending on 
the three velocity components, is symmetrical when there is no pre¬ 
ferential flow of electrons in any particular direction. In such a 

case F depends only on v = y/v* + v* + w e * and not on the three 
velocity components taken separately. If, however, there is an 
electric field gradient in the direction of the z-axis along which the 
electric current flows (electrical conduction), or if there is a tempera¬ 
ture gradient in the ^-direction, along which heat flows (thermal 
conduction), then the distribution of the electrons in unit volume is 

no longer symmetrical, and the new distribution law can be expressed 
in the lorm r 


F = F 


where 


e = -ijv 


o "I* v z0 

/eX 


ar 0 




+ 



analysis of 
free path l 


\ m v 

This expression for d was deduced by Lorentz by 
linHpi^Vi! trac ! d by electrons Velocity v and mean tree path l 

atoms »!: vf Ctl ° n ° f the , ele ° tric ^tensity X and of collisions with 
atoms which were assumed to be stationary. 

acconW to^W J? p ° rtan , t . 8te P in the theory is to determine F 

oWe S deve A°P ment ’ ? hich need ^t enter into, bit X 
and OT / £ n th ® CaS0 of P ure electrical conduction 0F O / d x = 0 
gradient Vf® 6 !i assul ? ed that there is no temperature 

rent i is zero § th nductor - In P ure thermal conduction, the cur- 

problem'we^'lrLvn conduction ’ foT the solution of the 

electric current given iy ® eXpreSsion for the intensity i of the 

' ‘ = en, =» e / v, F A, ... (21 

direction 8 and ^ C *the^ ’ r * u velocit y component in the x- 
v -f- dt> . Evidentlv f Un r i ? 0 ^.P^ a8 ® ce H s within the range v x and 

<C passing along the^dkeftton. 8 '™ 8 th ° t0ta ' nUmber ° f electrons 

we dklg fUrth / r in the mathematical calculations, 

obtafned by S^mmeX:l° n ** ^ CleCtriCal inductivity . = i/X 

4 e 2 l n 

' for ideal gas ... (3) 


a = 


a = 


34 


3 \f 2mnkT 

8n ( eH \ l 
3 / l"8w 


2/3 


for degenerate gas 


• * * 


(4) 
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In the case of thermal conduction , the quantity of heat flowing 
per unit area per sec., is given by 

Q = i / 2 m f v x v* F A x ... (5) 

Remembering that Q = — K ( 0 T / 3 x) and X = 0, the ther¬ 
mal conductivity K is found to be 


K = 

8 

' Ink*'* T 1 '* 

for ideal gas 

... (6) 


= 3 * 

(2 Ttm) 1 ! 2 

K = 

8 tt 3 

' 9 

lk*T / 3n 

h \ 87 t 

\ 2/3 

J for degenerate gas 

... (7) 


For the ratio of thermal to electrical conductivities the follow¬ 
ing relations are obtained :— 

K/o = 2(&/e ) 2 T for ideal gas ... ( 8 ) 

K/<x = ( 7 r 2 / 3 ) (&/ e ) 2 T for degenerate gas ... (9) 

From relations (3) and (4), we see that, according to Sommer- 
feld’s theory, a ©c 1 /T 1/2 for ideal gas, while a is not explicitly a 
function of the temperature T for degenerate gas. Experiments show 
that cr is inversely proportional to T in consonance with the expres¬ 
sion of the classical theory a = n e 2 l v / 4a T (cf, p. 57). But all the 
three relations involve n and l which are dependent upon jbhe tem¬ 
perature T. 

Relations ( 6 ) and (7) show that K oc T 1/2 for ideal gas and 
K oc T for degenerate gas. Experiments indicate that K is indepen¬ 
dent of temperature, in agreement with the classical theory expres¬ 
sion K » */ 3 . n l v a (c/. p. 58). But, like the relations for o, here 
also, all the three relations for K involve the more or less disposable 
constants n and L 

Equations ( 8 ) and (9), which refer to the Wiedmann-Franz law, 
agree with that of the old statistics [K/a = ( 4 /e ) 2 (a/3) T= 3 (i/e) 2 T] 
as regards the dependence of K /a on T alone. 

Thus the Wiedmann-Franz law, which has been the corner¬ 
stone of researches on the two conductivities, is confirmed by the 
new statistics also. The sole difference between the new and old 
statistics concerning K/o lies in the value of the numerical constant, 
which is equal to 3 according to the classical theory and 7 r 2 /3 — 3*3 
in the new. Experimental values seem to agree better with the new 
theory than with the old. 

From this comparative study of the two conductivities accord¬ 
ing to the old and new statistics, one realises that although Sommer- 
feld’s explanation is certainly an improvement over the classical 
interpretation, yet it is indecisive on several points and has therefore 
to be refined further. 

The refinements of the theory were attempted chiefly in* the 
following two directions :— 
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(a) The theory must be elaborated in such a way that it would 
be possible to deduce the number of electrons taking jpart in the process 
of conduction and the change 
in this number with the tem¬ 
perature from the properties 
of the atoms of the substance. 

This, however, involves a 
very complicated problem in 
quantum mechanics, since an 
electron is not in this case 
bound to a definite atom but 
to-the totality of the atomic 
structure which forms a regu¬ 
lar crystal lattice. Contrary 
to Sommerfeld’s assumption, 
the potential of such a sys¬ 
tem is not constant, but , rtl 0 
a space-periodic function lg ’ ? r s P a co-periodic potential field 
Hence the problem is to and f)l8crete quantum energy states. 

t 8 he V kind e st^lt 86 "' 8 vu™ eq ? tion for a periodic potential field of 

methods which lead to the existence of discrete quantum energy 

XXtoer c ^ by gapS ° r potential follows that become narrow^ 
for higher energies, as represented in Fig. 191. The number of these 

. ates depends upon the total number of electrons while the width of 

the gaps on the nature of thfe substance. At absolute zero all the 

electrons TudXX UP 10 \ C6rtain VaIue W are occu P ied V the 

electrons. At higher temperatures only a small fraction of th* 

r^“LmaL e bdo r w n w mOVeS U f P t0 h ' gher unoccu P ied states, but the 
rest remam below W, m conformity with F-D distribution law. 

V? the case of metallic conductors, the gaps are so narrow that 

plete^voccunied 1 ^ ° Ve !? ap - Now > if these are yet com- 

S which m^n? thL e t r r m tbem r U move freel y. without doing 
electricity offerLg n^ rerisl “cf to t h be a P er ^t conductor of 

It is to be noted, however, that, since theTnlrgyTtltes^elo w^are 

practically occupied, electrical conduction moSy tekes place i^ the 
unoccupied states above W which act 7 la , P 18,1 * 3 in , “he 

P.D. is established bitween two noiht C0 “ ductl °" channel - 1{ a 

states acnniro a m>aA' t- • iL _ points in the conductor, the energy 
SctronTom JTi Cnt ln I th 1 0 d, f eCti0n 0f the a PPhed fidd and ll 

without any change inXttoTener^ m0 Buf to ^^“P^ *f vel 

nX m 8 ovel h tow C a°rXto ent X" 6 * 86 in potontial energy" 6 ThnS^n 

ing an electric cuL^t. 6 P ° S P ° Ult ° f applied P otential «>nstitut. 

entirely dXXf ’“IS the d ^bution of eleetrons is 

with wide gaps * At toe fh X.* 68 are ^grouped^ together closely but 

gap. When the temperature is increased, the upper states still re 
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main empty at moderate temperatures, since the gaps still cannot he 
crossed. At very high temperatures a number of electrons acquire 
sufficient energy to cross the wide gaps and enter the higher states. 
On establishing a P.D. the movement of electrons into unoccupied 
states does not occur, since the wide gap cannot be crossed. Hence 
there is no flow of electricity. 

Semi-conductors have more or less the same distribution of 
energy states as insulators, but the semi-conducting properties are 
due to localised impurities in them, which give rise to* occupied elec¬ 
tronic states in the gap between the energy states and act therefore 
as a bridge. At moderately high temperatures electrons can move 
from the impurity states to higher unoccupied states, causing con¬ 
duction as in metals. But as the electronic states in the gap due to 
localised impurities are discontinuous, conduction cannot take place 
at very low temperatures. With increase of temperature, as more 
and more eltctrons pass to higher states, the effect due to the thermal 
agitation of molecules is reduced, so that the electrical resistance of 
semi-conductors diminishes with rise in temperature, unlike cohdjic- 
tors, as is actually found to be the case. 


In this manner, all gradations of conductivity and the depen¬ 
dence of conductivity on temperature can be explained qualitatively. 

* 

(ft) The second line of improvement of the theory to deter¬ 
mine the free paths of the electrons on a wave mechanical basis. This 
has been attempted by Houston, Bloch, Peierls, Nordheim and 
others by replacing the classical encounters between electrons and 
atoms by a scattering of the electron waves as they traverse the 
crystal lattice of the metal. No scattering will occur if the ions of 
the lattice are fixed, since the electrons /frill then havevindefinitely 
large free paths. If, on the other hand, the ions are in a state o 
thermal agitation, the electron waves are scattered and become more 
attenuated with rise of temperature. From the corpuscular stan • 
point, this corresponds to a decrease in the mean free path (diminis 
ed probability of unobstructed passage) and the consequent increase 

in electrical resistance. 

This theory leads to very satisfactory results. Houston, for 
instance, established that the electrical conductivity a vane in¬ 
versely as the absolute temperature T at ordinary temperatures an ^ 
inversely as T 2 at very low temperatures, in agreement with expe_ - 
mental observations, although the calculated increase in conduc my 
at low temperatures is not as great as that actually found -Nor _ 
was able to account for the experimentally established iac _ 
conductivity of an alloy is not always a monotomc funetion o 
proportion in which the two components are mixed, but is g _ 
lower for the alloy than for either of the pure metals. + ._ * 

adduced for this state of affairs is that in alloys the ionic la . 

irregular and this irregularity results in increased scattering 
electron waves and, in consequence, the resistance lsgrea 
conductivity lower. Hence it appears .that the interference 
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electron waveif plays an important role in the wave mechanical 
investigation of the phenomenon. It is to be mentioned, however, 
that the theory proposed fails to account for superconductivity which 
still remains unsolved to a great extent. 

3. Thermoelectricity. According to classical statistics, the 
Peltier coefficient n is given by 


7T 


2 aT, n x 

log— = 

6 e n 2 


kT 


log 


71 


n 


(Of. p. 60). 


2 


Sommerfeld, using the F-D statistics obtained the expression 


7 T 


2tt 2 m(kT) 2 (( 8 tt Y /3 
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BotJj theories give the same order of magnitude for the numeri- 
♦ 7 t, w'hich is a fraction of a millivolt as observed experi¬ 

mentally. But, while the classical statistics leads to a small value 
of the intrinsic potential difference, the new statistics gives, in 
general, a large value for that quantity, so that n turns out to be a 
smaller fraction of the intrinsic P.D. than in the former case. 

Sommerfeld’s expression for the Thomson coefficient is 


_ 2tt 8 mk 2 i 4t r \ 2 ' 3 
C “ 3 eh* \ H JT ) 1 

Experiment shows that a oc T, as required by the new statistics. 
The numerical value of <r obtained from the above expression found 
to be only about one per cent of that given by the classical theory. 
But since the experimentally found value is much smaller ihm that 
of the classical statistics, the new theory seems to lead to better 
results. Stern has pointed out that the discrepancy between theory 
and experiment very probably arises due to. the illegitimate mixing 

up of two types of phenomena, viz., equilibrium and transport. 
associated with electricity in metals. 


. Thermionic effect. The phenomenon of thermioni< 
emission has been investigated on the basis of the F-D statistics as 
follows : — 


The free electrons in the metal have an energy distribution even 
at absolute zero, varying from zero to a value E 0 = (h 2 j2m) ( 3 tt/ 87 c) 4 ' 3 . 
At this stage, however, no electron can leave the surface of the 
metal, since even with the maximum kinetic energy E 0 available 
the electron is unable to overcome the surface potential barrier. 
But as the temperature is raised, a finite but very small fraction of 
t ie electrons acquire energy greater than E 0 , and these can escape 
overcoming the surface forces. Eventually a measurable thermionic 
current results, which increases rapidly with further increase in tem¬ 
perature. It is assumed that the thermionic current is produced by 
all those electrons which strike the surface of the metal with veloci¬ 
ties, such that the components normal to the surface are greater 
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than z 0> where x 0 is given by the relation : m 

1 h wx* = tu 

where w is the energy which an electron requires to escape from the 
surface of the metal. 

_ ■■ * 

The calculation of the thermionic current density for a metal 

at temperature T/is made in Sommerfeld’s theory in exactly the 
same way as in tne classical theory of Richardson, buF with the 
modification that the F-D distribution law for the degenerate elec¬ 
tron gas must be substituted in the place of the M-B distribution* 

If dn represents the number of electrons in unit volume having 
components of velocity bet ween x T^nd x 4 - dx, y and y 4 - dy, z and 
z dz, 

dn — F ( x, y, z ) dx dy dz, 
where F represents the F-D distribution function. 

In the present case, we have to determine the number of elec¬ 
trons striking normally unit area of the surface of the metal per sec. 
Assuming the surface to be normal to the x component of velocity, 
the number of electrons having a velocity component normal to the 
surface between x and x 4 - dx is 

+ QO -f GO 

dx F dy dz 

— 00 — 00 

Hence the number dN of electrons striking normally unit area of 
the surface per sec., with the velocity component lying between x 
and x 4 - dx is given by 

+ 00 -f" 00 

dN = x dx s F dy dz 

— CO — 00 

Since of the total number of electrons that strike the surface 
normally only those, whose velocity exceeds the value x 0 given by 
w == 1 / 2 mx 0 2 , can escape through the potential barrier, the lower 
limit of integration for the ^-direction should be x Q . 

The total number of electrons N emitted per sec. from unit 
area of the surface of the metal is given by . 




CO 00 00 

x dz Fdy dz 

Xp —- 00 —« 00 



current I Is given by 




x dxF dy dz 


The 
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Now, the F-D distribution function F is given by 


F 


- 2 (t) 


-( » - E 0 )l kT 


+ 1 


where E„ = 


h * / 3 n \*' 3 


2m 




Substituting this value for F in the expression for I and integ 
rating we get, for the case of complete degeneracy, 


I = 


4 it em 

”F“ 


(kT) 


~(w - E 


oV* T ' 


-6'/T 

= A" T 2 e 

where A" and b " are constants, A" being equal to 4nemk 2 lk 3 t hence 
independent of the nature of the metal and 6" = (w — E 0 )/ifc, depen¬ 
dent on the nature of the emitting surface, hence varying from metal 
to metal. 


Comparing the above relation with the classical T x / 3 and T 2 
formulae of Richardson (cf. pp. 112 and 115), viz. 

I = A T 1 ' 2 e'W T , where A = ne y/kfixm and b = eVjk — w/k t 

and I = A' T 2 e'£>7 T , where A' = Ce\/kj2^m and b ' = wjk , 

we see that the new statistics decides in favour of the T 1 formula 
and not of the T 1 / 2 formula. But, as regards the coefficient of T 2 
in the exponent the new and the old formulae differ, being equal to 
wjk in the classical case and (w — E 0 )/fc in the new theory. 

To decide between the two formulae, when log I is plotted 
against 1/T, a straight line is obtained whose slope gives b Wo can 
therefore determine ( W - E 0 ) = kb experimentally for different 
metals, and hence calculate w by substituting for E 0 the value given 
by theory, viz., 0 for the classical and 3*63 x 10' 15 x w 2/s for the 
new theory. By comparing the values thus found for w with other 
measurements, it.has been definitely settled that the quantum statis¬ 
tical formula is the correct one and not the classical one. 

. ^ matter of fact, the quantity w can be measured with suffi¬ 

cient accuracy by means of diffraction of slow electrons by metal cry¬ 
stals. Thus, for instance, Davisson and Geraerfound that w & 17 eV 
in the case of nickel. On the other hand, measurements on the 
thermionic effect gives values of kb in the region of 5 eV, in disagree- 
ment with the classical theory according to which w should be equal 
to kb , t.e., to 17 cV. The quantum theory, however, gives E 0 ^12 cV, 
i we assume that in nickel two electrons per atom are free, 
since nickel is divalent. This gives for kb — w — E 0 , a value of 
about 5 eV in good agreement with the results of measurement of 
thermionic emission. It appears, therefore, that not w but w — E 0 
represents the thertn^onic work function 
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A new method of evaluation of the thermionic constants, A further 
c onf ir m ation of the validity of the quantum statistical formula is 

obtained from the evaluation of 
the thermionic constants by a 
recent elegant method devised by 
K. S. Krishnan and S. C. Jain 
(1952) at the National Physical 
Laboratory of India. 

The method is based on the 
measurement of saturated vapour 
pressure of the electron gas in 
equilibrium with the emitter at 
different temperatures. The satu¬ 
ration vapour pressure is determqi- 
ed by finding the rate of effusion 
into vacuum of electrons through a 
small hole in a thin, wall of a 
chamber made of the given sub¬ 
stance (Knudsen’s effusion method). 

The chamber is in the form of a 
tube, and can be heated to any 
desired high temperature by send- • 
ing a suitable heavy electric current through it. In order to elimi¬ 
nate the electrons emitted by the surface adjoining the effusion hole, 
the surface is covered by a thin mica sheet with a small hole punc¬ 
tured in it ; this hole is arranged just in front of a bigger one 
wall of the chamber and serves as the effective effusion hole. The 
temperature of the chamber is readily determined with an optical 
pyrometer. The area of the effusion hole is measured indirectly by 
fin din g the rate of loss of a suitably chosen substance like naphtha¬ 
lene whose vapour pressure is known, kept in the chamber, in vacuo, 
the loss being due to the sublimation of the substance and the conse¬ 
quent effusion through the hole. The saturation current correspond¬ 
ing to the effusion of electrons through the hole, is determined wit 
the usual Faraday cylinder technique. 

Using the well-known thermodynamic relation of Clausius and 
Clapeyron, tfie saturation vapour pressure p of the electron gas in 
equilibrium with a metal at temperature T is given by 



Sir K. S. Krishnan 




... ( 1 ) 


p = AT*/* e _ ^ 

where A i^ the vapour pressure constant, equal to' 2 (2irm) ,/l / 

for a monovalent metal and <f> the work function of the metal. 

Considering the electrons that effuse out of a small hole of *rea 
s, their number n effusing out per seedin'all directions, i.e.» py©* * 
whole of the semi-solid angle 2rc, is given by v 

n = 8 P l y/iitmkT * "'i*' 

The saturation current t, as usually defined and extrapolated 
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to zero applied field, corresponding to this effusion, per unit area of 
the effusion hole will be given by 

i = ne I 3 = AT* e'^ fcT ...(3) 

where A = 47reraifc , /A 3 . 

This equation (3) is very similar to the T 2 formula, and the con¬ 
stant A has the same expression as in the quantum theory formula. 
Representing the constants of this 
formula by A' and <f>\ for an ideally 
pure surface <f> = <f>' and A' = A(l~p), 
where p is the reflection coefficient 
of the emitting surface for 
electrons incident on the surface and 
having sufficient energy to cross the 
barrier. Thus effusion from an 
aperture in a thin wall is analogous 
to the emission of electrons from aai 
equal area of pure surface of metal 
kept at the same temperature, except 
for the transmission coefficient 
(1 — p) that appears in the latter 
case. 



The emission per unit solid angle varies with the cosine of the 
angle between the direction considered and the normal to the 
aperture. In the actual experiment, the number of electrons that 
effuse out within a well defined cone whose axis is along the normal 
to the hole is measured at different known temperatures, from which 
the saturation current i corresponding to effusion per unit area of 
the hole over the whole solid angle 2n can be readily calculated. 
From the experimental data, when log (t'/T 2 ) is plotted against 1/T, 
a straight line is obtained, showing that A and 6 are nearly indepen¬ 
dent of temperature (Fig. 192). The slope of the straight lino gives 

— 6jk and the value of log (ij T 2 ) extrapolated to i/T -> 0 gives the 
value of A. 


The authors, using a graphite chamber for the emitter, obtain¬ 
ed the values 

6 = 4-62 ± *02 volts 

and A — 60 ± 2 amp. cm.- 2 deg." 2 

The method, though originally designed for graphite, can be 
used also for different metals by suitably coating the surface of the 
graphite chamber with the given metal under study to a sufficient 
thickness. The values obtained for A by this method decide in 
favour of the quantum theory formula. 

This method of determining the thermionic constants, and in 
particular the coefficient A in the thermionic equation has the 
following advantages over the other methods :—(») insensitiveness 
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of effusion to the contamination of the surface of the chamber by 
absorption, (it) a knowledge of the effective area of the emitting 

surface or of the reflection coefficient of the electrons at the surface 
is not required. 

Before we conclude the study of the thermionic emission in the 
light of the new quantum statistics, it is of interest to note that 
the distribution of energy round the highest values at temperatures 
greater than absolute zero is found to be similar to that given by 
classical statistics and this accounts for the experimental fact 
observed by Richardson that the electrons leaving the emitter have 
a Maxwellian distribution of velocity. 

5. Photoelectric effect* There is a close similarity between 
the photoelectric and thermionic phenomena. In both cases 
electrons are emitted from metallic surfaces ; the work function 
in the two cases has the same value, according to careful experi¬ 
mental researches. The main difference between the two lies in the 
manner in which the electron acquires the. additional energy to 
enable it to escape through the surface of the emitter : in the 
thermionic case the electron gets this energy due to the hi gh tem¬ 
perature of the emitter, while in the photoelectric case by the 
absorption of radiation incident on the emitter. It can be, therefore, 
legitimately surmised that the thermionic electrons and photo¬ 
electrons have a common origin and are subject to similar laws* 

According to Sommerfeld’s theory, the ordinary photoelectrons, 
like the thermions, originate in the electron gas of the metal, obeying 
the F-D statistics. Hence the photoelectrons come from the effective 
top of the F-D distribution curve. These electrons even at absolute 
zero have an energy distribution varying from 0 to E 0 . Hence at 
this temperature, if an electron with the maximum energy E 0 absorbs 
a photon of energy Av, its energy becomes Av + E 0 . When this 
energy equals the energy w required for the electron to escape from 
the surface, the electron will just emerge with zero velocity.. And 
for the electrons which are emitted with a velocity v, the relation is 

1 / 2 mv 2 — Av + E 0 — w 

Comparing this with Einstein’s equation 

1 /z mv 2 = Av — w Qt 

we see that w 0 of Einstein’s relation is given by 

«>o = «? — E 0 

In the case of thermions, we have seen that e <f> = to — E 0 . 

— ••• w 0 = e <f>, 

t'.e., at absolute zero the photoelectric work function is equal to the 
thermionic work function in accordance with experimental results. 

’ But 
the work 

theory. 


, as ve have already - noted, the new theory predicts that 
function is much greater than that given by the classical 



CONTACT POTENTIAL DIFFERENCE 


Hughes and Dubridge have suggested the following graphical 
method of representing the photoelectric phenomenon according 
to the new statistics 

Let ABC represent 
the distribution of energy 
of the electrons in the ^ 
metal according to the 5: 

F-D statistics at some ^ 
temperature T (Fig. 193). 

Let light of frequency v ^ 
be incident on the metal ^ 
surface and let each of a 5 
large number of electrons ^ 
absorb a light quantum 
of energy hv. The n£w 
distribution in energy of 
these electrons is repre¬ 
sented by A'B'C', on the 


E, E. + hv* 

Energy in electron vo/ts 

Fig. 193. Graphical representation 
of the photoelectric effect- 

is the energy required to penetrate 

s in the shaded area will escape and 
iney mil have energies ranging from zero to (E 0 + Av — w 0 ) or a 

little greater, depending on the extent to which the “foot** of the 
curve C extends beyond (E 0 -}- hv). This velocity range is in quali¬ 
tative agreement with experiment. 

Since the energy distribution in the F-D statistics is almost, 

T 0 m i 110 * ^ uite * nde P on( * e nt of temperature, the photoelectric effect 
should be almost ! but not quite independent of temperature . Likewise, 

since the maximum energy of the Sommerfeld-Fermi electrons in* 
creases with temperature, the threshold frequency should move towards 
*f7 r frequencies with increasing temperature . These two points have 
n confirmed by experiment. Coming hack to the graphical 
representation, when hv has such a value that (E 0 + Av) almost 
coincides with w Q , it is readily seen that the shaded area will com. 
pnse mainly of the foot of the curve C' which varies considerably 
with temperature, thus, accounting for the variation of threshold 
requency and photoelectric current with temperature. The con¬ 
clusions of the new statistics are, therefore, in muoh better agree¬ 
ment with experimental facts than those of the classical theory. 

. . 6 Contact potential difference (Volta effect). The con- 

• c potential difference or the so called Volta effect is the name 

. P^ e ^omenon which consists in the appearance of an 
ln the dielectric surrounding two metallic conductors in 
contact. As already pointed 6ut (c/. p. 117), the contact P.D. is not 
*° oe contused with the intrinsic P T). wKinL crivAo rioA iho t.liArm r \. 
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electric effect at the junction of the two metals ; hut it is intimately 
related to the thermionic work function <j>. 

In order to apply the F-D statistics to the phenomenon, let us 
consider two pieces of different metals joined together at one end. 
The number of electrons per unit volume is not the same in the two 
metals and it is assumed that the process of joining does nor alter 
the concentration of the electrons in either metal at points remote 
from the junction. Considering two such points, A in one metal and 
B in the other, let and be the electron densities at the two 

points respectively. According to the F-D distribution law, the 
maximum energy possessed by the electrons at A is given by 


E 


0 


2m 


c 


3 n 


8tc 
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2/3 


E 


and the maximum energy possessed by the electron at B by 

B __ 3 n B y 8 / 3 

q. 2m V / / 

These maxima are not absolute, but they are values which are 
exceeded only by a very small proportion of the electrons. 

When an electron is removed from the point A to the point B, 
the change in energy is given by 


2m 



3 n A \ 2 ' 3 / 3\*/ 3 
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Equating this to the electrical work done, viz*, e (Va — Vb )» 
where e is the electronic charge, Va and Vb the potentials at 
A and B, 


or 


e(V A - V B ) 


Va - Vb 


h 2 


2m 
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v2/3 

/3» b y /3n 
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... (1) 


' v u / . 

The classical statistics also predicts an internal P.D., hut tne 


value is different from that obtained in the new statistics. For 
example, in the case of silver and potassium, assuming that in each 
unit volume of these metals there are as many electrons as atoms, 
when the two are joined together, the P.D. developed across the 
junction is 4*2 volts with potassium negative, according to the new 
statistics, while the classical theory gives a considerably lower value, 
viz., 0*04 volt. This intrinsic P.D, is not the Volta effect. 

An expression for the Volta effect may be obtained as follows . 
Let C and D he points just outside the surfaces of the two metals. 

The work W x required to remove an electron from tb© > P°i n t A in 

etal to the point C just outside ftp surface is given y 

the thermionio work function at the 

surface of the first metal. The 
electron from A via the junction an 


the first 
W x = iCj — E* , where tv t is 


work Wj required to remove an 
d^e surface of tho second m 
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to the point D just outside this second metal surface is given by 

< A A B 

Wj = W 2 — E -J” E — E , 

000 

where w 2 is the thermionic work function at the surface of the second 
metal. 

The contact P.D. .-between the two metals (V r — V 2 ) is, by 
definition, P.D. between C and D. 

V, - V 2 = — (W, - W 2 ) 

G 



(w, — w 2 ) 


E — E 


B 


) 


( 2 ) 


Til 

This is quite different from equation (1) which gives the interna) 
potential difference. Equation (2) can be expressed as 

Vi “ V 2 = AV = + (T/11600) log (A 2 /A0 ... (3) 

where <f> t and are the work functions of the two surfaces, express¬ 
ed in volts, T the temperature, Aj and A 2 are the values of the con¬ 
stant A of the thermionic equation. 

The experimental determination of the contact P.D. between 
two metallic surfaces is beset with the difficulty of keeping the sur¬ 
faces free from contaminating films. This difficulty may be overcome 
to a certain extent by using filament electrodes which can be easily 
cleaned by heating. Even then the experimental values do not agree 
quite well with the values of a V calculated theoretically. This dis¬ 
crepancy is probably due to the fact that the thermionic constants 
are determined at high temperatures, while the contact P.D. is 
measured at room temperature. Experiments performed in high 
vacuum lead to results in better agreement with theory. 

7. Paramagnetism of the alkali met&ls. We have already 
remarked that several metals, chiefly the alk&lies, have very small 
paramagnetic susceptibility which is also practically independent of 
temperature and that the Curie-Weiss law, based on classical 
statistics, is quite incapable of explaining this experimental finding 
(Of* P* 87). 


ln 1927, has been able to solve, to a certain extent, this 
. ™cuity by the application of the F-D statistics to the free electrons 
in the metal. The valency electrons in the metal are assumed to be 
free and constitute the electron gas obeying the F-D distribution 
law and hence completely 4 ‘degenerate” at the ordinary temperatures 
as.^at absolute zero. The electrons possess on account of their 
epnx a magnetic moment. At absolute zero, two electrons occupy 
every phase-cell, with their spins in opposite directions, so that 
n nf ^? a 8 ne ^ c moments exactly balance each other. If an external 
e dH is applied, the electrons will tend to direct their spins parallel 
* ^ke field. Since, however, there cannot be more than one electron 
in each cell with its spin parallel to tho field, magnetisation, i.e., 
urmng of the spin moment parallel to the field necessarily invovles 
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the removal of electrons from the lowest doubly occupied cells 
to cells of higher energy. This means increase of kinetic energy, 
which goes on until it is compensated by the decrease of potential 
energy due to the orientation in the field. As only a few electrons 
jump to cells of higher energy, the paramagnetism will be much 
smaller than for systems not obeying Pauli’s exclusion princi¬ 
ple. When the temperature rises, the uppermost sheets of the F-D 
distribution begin to be loosened, individual electrons being lifted 
out of the doubly occupied cells, so that now there are cells which 
are only singly occupied. But this gives, as can be shown, only a 
second order effect. Hence the paramagnetism of an electron gas 
varies little with temperature. 


On this basis, Pauli derived an expression for the susceptibility 
of the electron gas as follows :— 

Let dE be the difference in energy of electrons in successive 
cells in the region of maximum momentum ; let /* be the magnetic 
moment of the electron ; let x be the number of electrons removed 
from the initially highest x cells to the x successive higher ones. 

For the x electron, the change in magnetic (potential) energy 
is equal to the change in kinetic energy caused by the jump. Hence 
we may write 

2x dE = 2/*H ••• 0) 

The total magnetic moment is 2x p, and the volume suscepti¬ 
bility X v is given by 


... ( 2 ) 

VH 


Substituting for H from (I), vizx dE/j*, 

__ 2/a 2 

Xv ~ VdE 

dE can be shown to be equal to 4E 0 /3N, where E 0 =(ft*/2»») ( 3 »/ 8 ir)*/* 

_ 2m 2 3N 1 _ 

• • y 4 x h? / 3 n \ 2 /® 

2m\ 8 tc / 
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2m (8 tc ) 2/3 


h % (3n)* /s 


12 p 
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1/3 


m 

h* 


... (3) 


Since m = eh^mc, as will be proved later, substituting for A* 
and inserting numerical values, we get 

X v *= 2*209 x 10 ~ 14 n l/s 

The theory indicates therefore that the paramagnetism due to 
free electrons will be small and that it will be independent o 
temperature if n is constant. 

Pauli used this relation (4V to calculate the susceptibility of the 
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electron gas in the alkali metals on the assumption that there is one 
free electron per atom. In the case of sodium and potassium, the 
theoretical values agree fairly well with the experimental values, but 
in the case of rubidium and caesium there is a wide divergence be¬ 
tween the experimental and calculated values. This discrepancy 
may be due to the following imperfections of the theory : — 

(t) The assumption made as to the number of free electrons, 
viz,, one per atom. In order to bring the theoretical value into 
agreement with the experimental one, it is necessary to suppose that 
n is actually about 1 / 3 its present accepted value. 

(it) The theory neglects two important factors, viz,, the diamag¬ 
netic effect of the atom cores and a possible diamagnetic induction 
eifect of the free electrons. 

(Hi) The assumption that the electrons are entirely free is 
incorrect. In a metal, the so-called free electrons must interact to 
some extent with the ions and in a complete theory this interaction 
has to be taken into account. 

In spite of these drawbacks, Pauli’s theory is a valuable con¬ 
tribution towards the understanding of some of the puzzling features 
of the susceptibilities of metals. 

CRITICISM OF THE QUANTUM STATISTICS 

Based on a few simple postulates, such as the indistinguishability 
of the particles , the quantum nature of energy changes with the con¬ 
sequent ,/mtfe size of phase-cells and the exclusion principle of Pa uli , 
the quantum statistics has certainly made a great advance over the 
classical theory in the interpretation of phenomena, where elementary 
particles like photons and electrons play a prominent part. Further, 
its extension to nuclear particles has led to numerous and important 
consequences in the structure of nuclei, as we shall see later, in 
Chapter XV. Its chief merit lies in the fact that it provides the 
basis for dividing all the elementary particles of nuclear physics into 

two neat categories — the bosons after Bose and the fermions after 

Fermi. 

At the same time, it must be noted that the new statistics is 
not perfect in every respect. On the physical side , it appears to 
labour chiefly under two defects, viz., (i) the assumed absolute freedom 
of the particles and (it)' the supposed constant potential of the container 
of the particles . We have seen how the first assumption makes 
theoretical results very approximate in the cases of thermionic and 
photoelectric emissions and of paramagnetic susceptibilities of alkali 
metals. Sommerfeld, for similar reasons, has been obliged to 
attribute to the electrons in metals only a partial freedom, i.e., they 
are bound to the metal as a whole, though not to any particular 
atomic system. In order to overcome the second defect, several 
authors have attempted to refine the theory by a wave mechanical 
treatment of a space periodic potential field, as already indicated in 
connection with the thermal and electrical conductivities of metals. 
From the mathematical point of view also, the quantum statistics is 
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not above criticism in the use of Stirling’s theorem, quietly assuming 
that in practice the particles are much more numerous than the cells, 
which is not true to facts. Darwin and Fowler have shown that this 
rather illegitimate use of Stirling’s theorem can be avoided entirely 
by considering the avetage rather than the “most probable” state of 
a system, as the analogue of the state of thermodynamic equilibrium. 
They have therefore developed a new method of working out statisti¬ 
cal averages based on principles of cantour integration. This line of 

approach, however, is fairly complicated, and, in practice, leads to no 
new results. 
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General Introduction 


Modern Physics deals chiefly with the atomic state of matter 
and it is by means of a detailed study of that ultramicroscopic state 

that remarkable results have been obtained, not only as regards the 
wonderful practical appliances of great utility, but also concerning 
the two basic aspects of physical phenomena, particle and wave, 
which are of utmost importance in the understanding of the mys¬ 
terious universe around us. This fact has already been brought 
home to us by the matter treated in the first two parts. We shall 
now consider the life-history of the atom at close range and study 
the physics proper of the atom itself, with a view to appreciate more 
fully all that has been said so far. 

From very early times the atomic structure of matter was sus¬ 
pected. It was surmised that all material bodies, whether elements 
or compounds, are fundamentally granular in structure, i.e., made up 
of discrete particles separated by interspaces. These ultimate con¬ 
stituents of matter were called ( atoms', because they were supposed 
to be the smallest portion of an element which cannot be cut into 
still smaller portions. {The term ‘a/om’ comes from two Greek words 
meaning “not” and “cut”). Already in the fifth century B.C. Demo¬ 
critus, the Greek, had postulated that all matter was made up of 
atoms and that different substances were formed from the common 
primordial atoms which differed, however, in shape and size. In the 
first century B.C. Lucretius, the Roman, proposed the same atomic 
theory in his work, entitled De Natura Rerum. 

This ancient concept of atomism, in spite of its attractive sim¬ 
plicity, involved some serious difficulties. First of all, if the different 
elements were constituted with the common fundamental units, the 
atoms, while the differences between elements were due merely to 
size and shape of the otherwise essentially same entities, the perma¬ 
nent existence of different elements in nature could not be adaquate- 
ly accounted for ; nor could the idea of transmutation of elements 
have any great significance. Besides, it could not. be easily under¬ 
stood how the specific nature or essential individuality of an element 
could be altered by a change in the mere size or shape of the atoms. 

A second serious difficulty arose from the fact that the atoms 
were not infinitely small, since they had a size and shape proper to 
each element. Atoms were, therefore, extended bodies, however 
small their extension might be. In such a case it should always be 
possible to divide them into something smaller still, which goes 
against the very definition of the atoms, viz., the ultimate indivisible 
units. 

On account of these objections the atomic theory of matter did 
not gain universal acceptance for a very long period of the Christian 
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era, right up to the nineteenth century. Other theories which have had 
their origin also in a Greek school of thought, directed by Aristotle, 
found many supporters throughout the Middle Ages. These denied 
atomicity of matter and supposed that matter was continuous in 
structure and infinitely divisible . The physical universe was consi¬ 
dered to be made up of “primary* * matter, a fundamental, common 
and continuous substratum, which became ordinary matter when it 
received the impress of a definite form. The forms in the different 
elements were specifically different, but it was thought possible to 
infuse the right form into the common “primary** matter in order to 
transform one element into another, chiefly baser elements into gold. 
Hence, there followed the search for the Philosopher’s Stone and the 
heroic but futile attempts of the alchemists, which would effect such 
changes. 

Modern scientific researches, dating from the beginning of the 
nineteenth century, have, however, decided in favour of the atomic 
theory of matter, though the ancient concept of the atoms, as ulti¬ 
mate, indivisible units of matter, has to be substantially modified. 
The solid arguments adduced in favour of atomism are : 

(t) Compressibility of matter which is clearly perceived in the 
gaseous state. If a gas, which is evidently a material body, is assum¬ 
ed to be continuous in structure, it is extremely difficult to under¬ 
stand how it can be compressed to a very small fraction of its origi¬ 
nal volume ; if, on the other hand, it consists of discrete atoms with 
interspace, it is readily seen that they can be made to crowd more 
closely together. Further, it has become possible to give a satis- 
factory quantitative explanation of the behaviour of gases with the 
help of the additional supposition that atoms are in rapid motion 
in a random fashion, as shown in the kinetic theory of gases. Matter 
in the liquid and solid states are compressible also, though to a less 

extent. 

(ii) The phenomena of diffusion , osmosis , Brownian movement, 
solubility, etc., clearly prove the existence of discrete minute parfcic es 
with spaces between, moving continuously, even in the smallest quan¬ 
tity of matter, in all the three states, solid, liquid and gaseous. 

(in) The regular forms of crystals governed by definite wtp ^ 
laws also argue to the arrangement of discrete atoms in a well- , esl £ 
ed space-lattice. Most of the substances in the material unive 
have been shown to be crystalline in structure. ^ 

(iv) The law of multiple proportions . In the beginning of to 
nineteenth century, Dalton, the celebrated chemist, discovers + a 
governing chemical combinations, which placed the 
on a quantitative basis and secured for him the title o * 

of the atomic theory”. According to it, when t ^ ie + Kia u er 

ments combine to form different compounds, the differen ® * 
proportions of one element which combine with the same c0 
amount of the other are simple integral multiples v* € ” «n,sv 
fraction) of the lower. This law could be explained in a 
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manner only on the assumption that each element consisted of 
identical but discrete atoms. The law of multiple proportions ottered 
also a means for determining the relative weights of different atoms. 
This was undertaken during the early part of the •' 1 1 !! '• '' ' ’' • 
tury, with Berzelius as the pioneer worker, 

(y) The periodic law among elements. The d is®® y 
periodic law among elements arranged according to their atomic 
weights not only confirmed the atomic structure of the elements, 
but also indicated that atoms must be built up according to some 
system, which allowed certain repetition of properties periodically. 
This fact overshot the mark aimed at by the ancient atomists, who 
held that the atoms were the ultimate indivisible units that cannot 
be built up with other smaller units. As a matter of fact, further 
investigations showed that the atom could be broken up into parts 
and hence not indivisible. 

Before we come to the consideration of the internal structure 
of the atom, it can be shown briefly how it is possible, with the 
findings of modern researches in Physical Science, reconcile the 
two opposite views about the ultimate structure 1 of matter, held 
firmly for such long periods of time by equally groat thinkers. The 
ancient atomists were right in so far as they maintained that 
material bodies which look apparently continuous in the bulk state, 
have, in reality, a discontinuous internal structure, built up of 
minute and discrete atoms ; but they were wrong .in thinking th?t 
differences between elements arose solely from the different sizes or 
shapes of the otherwise same entities, that the atoms were indivisi¬ 
ble so that they could not be broken up into further smaller parts 
and finally that all the atoms of a given element were identical in 
all respects. For, the permanency of the different elements in 
nature, the phenomenon of transmutation of elements and the exis¬ 
tence of different isotopes in one and the same element go directly 
against such an hypothesis. The defenders of the atomic theory 
could not, however, be greatly blamed, as they had to use the meagre 
and even incorrect data then available. 

A more serious charge could be made against them when they 
failed to explain how the atoms, having a definite size and shape, 
hence being extended bodies, could be considered as absolutely 
indivisible. For, anything extended must be capable of being divid¬ 
ed further, while an absolutely indivisible entity, like a mathemati¬ 
cal point, can only be a pure abstraction of the mind, which does not 
correspond to any reality. Their position can, however, still be 
defended by saying that the atom, the ultimate representative of an 
element, cannot be physically divided further without its ceasing to 
represent the element. Hence, from a concrete, physical point of 
view, the indivisibility of the atom can be maintained, though it is 
not completely true. 

It is precisely on this point that the defenders of the continuous 
structure of matter scored a victory, since, logically and absolutely 
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speaking, atoms which have a size and shape must be capable of 
being divided further and further “ad infinitum Evidently they 
were wrong in denying an atomic discontinuous structure to matter, 
as experimental investigations have established beyond doubt. But 
they were quite correct when they maintained that the ultimate 
particle of matter, whatever it be, whether atom or something 
smaller still, must be infinitely divisible, since all material bodies, 
however minute they may be, are not mere mathematical points but 
possess the essential property of extension. 

Thus it appears that both the age-long theories defending dis¬ 
continuity and continuity in the ultimate structure of matter are 
true but only partially, since reality is a discontinuous continuity. 
The reconciliation and synthesis of the two views are possible, thanks 
to the findings of Modern Physics concerning the ineffable admixture 
of the two aspects, the continuous and the discontinuous, in the 
material universe', valid in all scales, macroscopic and microscopic. 

As regards the internal structure of the atom with which 
we are directly concerned here, progressive researches, chiefly those 
conducted by Rutherford on the scattering of a-particles by matter, 
showed that the atom could be split further into (i) a central posi* 
tive nucleus wherein the individuality of the atom resides and 
practically the whole of the mass of the atom is concentrated and 
(n) configurations of electrons, enveloping the nucleus at dis¬ 
tances relatively great, which are responsible for the observed 
chemical and physical properties of the element concerned. 

The aim in this Part III is to give a brief but clear account of 
the attempts made, both theoretical and experimental, to unravel the 
mysteries involved in the internal structure of the ultra microscopic 
atom. We shall first deal with the various theories proposed to in¬ 
terpret the extra nuclear electronic structure in the light of experi¬ 
mental observations and then pass on to the more interesting but 
difficult consideration of the innermost core of the atom, the nucleus, 
and gather the few important but incomplete data so far obtained 
concerning its structure, stability and activity. 

SPECIAL UNITS USED IN ATOMIC PHYSICS 

1. Length. For measuring distances of atomic order of 
magnitude very small submultiples of the ordinary unit of length, 
the centimetre, are used. 

Thus to express the wavelength of ordinary light , the unit used is 
the Angstrom = 10" 8 cm., while in the case of X-rays and y-rays, 
the unit is still smaller, the X.U. = 10" 11 cm. - 

There are also two other special units : (a) The Bohr radius , 

t.e., the radius of the first orbit of the hydrogen atom according to 
Bohr’s theory. It is given by the expression and is equal 

to 0*53 x 10“ 8 cm. (6) The Compton wavelength which is the shift in 
wavelength due to the Compton scattering of radiation, when the 
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scattering angle is 90°. It is given by hjmc and is e^ual to 24 17 

X.U. 

2. Mass. The most important unit in Atomic Physics is the 
electron mass or the rest-mass of the electron. 

m 0 = 9-028 x 10' 28 grm. 

Atomic masses are usually expressed in terms of the mass unit 
(ra.u.) which is equal to 1/16 of the mass of O 16 and weighs 

1*646 x 10" 24 grm. 

3. Electric charge. The fundamental unit is the charge of 
the electron, which is equal to 

4*767 x 10" 10 e.s.u. or 1*59 x 10' 20 e.m.u. 

4. Energy. While the ordinary unit of energy is the erg , 
other units are used in Atomic Physics, 

In spectroscopy , the natural unit is the Rydberg which is the 
ionisation energy of the hydrogen atom. 

In Modern Physics, the most common and arbitrarily chosen 
unit is the electron-volt (eV) which is defined as the energy possessed 
by an electron with its electrostatic charge and mechanical mass w'hen 
it is accelerated by an electric field of P.D. of 1 volt. For instance, in 
the cathode ray stream of a discharge tube with P.D. of 50,000 volts, 
each electron possesses the energy of 50,000 electron volts. 

The energy in ergs corresponding to one electron volt may be 
evaluated as follows : 


1 eV = 4*767 x 10" 10 x 1/300, expressing e and V in e.s.u. 
— 1*589 x 10* 12 erg. . 


.*. One electron volt 


e (e.s.u.) 

“300 



Since the energy corresponding to 1 eV is very small, energies 
are often expressed in kilo-electron-volts and million-electron-volts : 

1 KeV = 10 3 eV and 1 M e V = 10 6 eV. 

The natural unit of energy is the self-energy of the electron, 
t.e., the energy equivalent to the rest-mass m 0 of the electron, accord¬ 
ing to Einstein’s mass-energy relation ; its value can be found as 
follows ; — 

W = m 0 c 2 (Einstein’s mass-energy relation) 

= 9*028 x 'l0' 28 x (3 x 10 10 ) 2 ergs. 

But 1 erg. = 300/e electron volts. 

.*. The self-energy of the ) _ 300 9 028 x 9 x 10~ 8 

electron in M eV ) ~ 4*767 x 10” 10 X 10 6 

= 0*5107 
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It can be shown that this energy is equal to the energy corres¬ 
ponding to the Compton wavelength, according to the quantum 
theory :— 

Self-energy of the electron = energy of the photon = 5*107 x 10 5 
eV. 


Using Einstein’s law of equivalence, the wavelength of the 
photon is given by 

1 224 ** 

A ——— A.U. (V being expressed in volts) 


12345 

5*107 X 10 6 


= 2*416 x 10" 10 cm. 


= 24*16 X.U. = Compton wavelength. 

The energies corresponding to 1 gram of mass and one mass unit can 
be evaluated as follows :— 


Using Einstein’s mass-energy relation, me 2 , 
(a) the energy of 

1 grm. of mass = 1 x (3 x 10 10 ) 2 ergs. 

= (300/e) x 9 x 10 20 eV 
6 x 10 26 MeV 


(6) the energy of 

one mass unit = 1*646 X 10~ 24 X (3 X 10 10 ) 2 erg 

= 1*646 x 10“ 24 X (300/e) x 9 X 10 20 eV 

^ 931 MeV 

Hence 1 gram of matter is a veritable storehouse of energy. 
If we can only convert 1 gram of matter into energy, we shall have 
at our disposal an enormous amount of energy, viz. 9 6 X 10 26 million 

electron volts. 


The Peripheral Electronic Structure 

of the Atom 


The extra nuclear electronic structure of the atom has been 
chiefly investigated by the spectral properties of the atom. To 
account for the experimentally observed spectroscopic data of ele¬ 
ments, several hypotheses have been successively proposed, which 
may be classified under the title “the atom models”. Thus we 
have the Thomson atom model, the Bohr atom model, the Somraer- 
feld relativistic atom model, the vector atom model and finally the 
wave mechanical atom model. These different models mark the pro¬ 
gress made in getting a more and more satisfactory interpretation of 
experimental data, until an almost perfect and complete understand¬ 
ing of the peripheral electronic structure of t he atom is reached in the 
wave mechanical model. 



CHAPTER X 


The Atom Models 

Introduction. The first real foundation of the modern con¬ 
ception of the atom was laid by Faraday who discovered that in 

electrolysis each atom, irrespective 
of the nature of the element, gave 
up or received a fixed quantity of 
positive or negative charge equal in 
magnitude to 1*59 x 10~ 19 coulomb. 
A more definite idea of the intrinsic 
nature of the atom came into exist¬ 
ence with J.J. Thomson’s discovery 
of the electron and his measurement 
of its mass and charge, that led to 
the result of the electrical nature of 
matter, according to which the 
following two facts were clearly 
established :— (a) electrons enter 
into the constitution of all atoms, 
(b) since the atom as a whole is 
electrically neutral the quantity of 

positive and negative charges in it 
Michael Faraday UiUSt be the same. 

THE THOMSON ATOM MODEL 

J.J. Thomson, with the above two conclusions to guide him, 
gave the first picture of the structure of the atom. The important 
points he had to tackle were (t) the total number of electrons in an 
atom, and (it) the way.in which they were distributed along with the 
positive charges in the atom. Using the phenomenon of X-ray 
scattering, he was able to determine the number of electrons in an 
atom as follows : When a beam of X-rays passes through matter, it 
should be scattered, the scattering coefficient a, according to the 
classical theory, being given by <r = 8 tc e 2 »/3w 2 c 4 , where e and m are 
the charge and mass of the electron, n the number of electrons per 
unit volume and c the velocity of light. Now <j can be experimental¬ 
ly determined, so that n can be estimated from the above relation. 
From the value of n thus obtained, the number of electrons per atom 
can be readily computed. He found that this number was proportion - 
al to the atomic weight of the element . 

The second point, regarding the arrangement of the electrons 
and the positive charges in the atom, was not so easy to solve. 
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Thomson lisd no experimental dfitft to help him. But, since the 

atom as a whole was stable, he argued that the electrons must lie 

held by the positive charges by electrostatic forces. He further made 
the assumption that the positive charges were uniformly distributed in 
a sphere of atomic dimensions, a conception which seemed to him 
most suited to mathematical treatment, while the electrons were so 
arranged, inside the positive sphere that their mutual repulsions were 
exactly balanced by the force of attraction towards the centre of the 
sphere. He then showed that in an atom with a single electron, like 
the hydrogen atom, the electron must be situated at the centre of the 
positive sphere. In an atom with two electrons, like the helium atom, 
the two electrons must be symmetrically situated on opposite sides 
of the centre at a distance equal to half the radius of the positive 
spheio. In the three-electron system the electrons should be at the 
corners of a symmetrically placed equilateral triangle, the side of 
which was equal to the radius of the sphere. Proceeding in this 
manner, Thomson detailed the arrangement of electrons ranging from 
1 to 100 inside the positive sphere. 

With this model he attempted to account for the observed 
spectra of elements. He argued that since the electron was a charg¬ 
ed particle, if it vibrated about its position of equilibrium, it should 
radiate energy according to the electromagnetic theory and the fre¬ 
quency of the emitted spectral line should be the same as that of the 
electron. Considering the case of the simplest hydrogen atom, he 
found that the above assumed mechanism should give rise to a spect¬ 
ral line in the whereabouts of 1400 A 0 which corresponds roughly to 
a line in the observed hydrogen spectrum. 

Thus the Thomson atom model not only satisfied the require¬ 
ments of the stability of the atom and the demands of the electro¬ 
magnetic theory, but was also able to explain to a certain extent 
the origin of spectral lines. According to it, however, hydrogen can 
give rise only to a single spectral line, contrary to observed facts of 
several series and of several lines in each series. Evidently Thom¬ 
son’s model was defective somewhere. Soon the experimental con¬ 
clusion arrived at by Lord Rutherford from the study of large angle 
scattering of a-particles definitely proved that the assumption of 
Thomson about the uniform distribution of positive charges in a 
sphere of atomic dimensions was wrong, since observation forced the 
conclusion that the positive charges in the atom should be cencentra- 
ted in a very small region at the centre of the atom. This gave rise 
to a very different conception known as the nuclear atom model. 

THE RUTHERFORD NUCLEAR ATOM MODEL 


The nuclear atom model resulted from the researches of Ruther¬ 
ford and his collaborators on the scattering of a-particles by thin 
sheets of matter. The scattering of a-particles by matter is evidently 
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betwptn b tL the C f ou , lombi an repulsive forces that come into play 

Sr 2 -' 

xssar assess r sxLtsffst 

DOsitive e^arop^nf Sn ? a 1 deflec *' 10ns , produced by the action of the 

5r-SptX^nT ' T “ S “ “‘ Uoi ' mU, ‘ ipl, ' 

mattP^Rbn« m i e tK S ^ n i + K he ? cattering of a-particles by thin foils of 
matter showed that although most of the a-particles suffered only a 

small deflection due to multiple 
scattering, yet there were a 
certain number that were 
scattered through much larger 
angles. For instance, it was 
found that 1 in 8000 alpha- 
particles was deflected through 
more than 90° by a thin film of 
platinum, This experimental 
finding could not be accounted 
for on the basis of the 
Thomson atom model. For, it 
can be readily shown that the 
structure of the atom assumed by Thomson would not result in a 
large deflection due to any single encounter. ^Vhen an a-particle 
enters the positive sphere, the charge in the shell outside the path 
of the a-particle will exert no deflecting force on it. Hence, the 
farther the path of the cx-particle from the centre of the atom, the 
greater will be the deflecting force. As the a-particle approaches 
the centre of the sphere, the shell of ineffective charge increases with 
the result that the force of repulsion becomes less and less (Fig. 194). 
This means that there would be only a small deflection due to a single 
encounter. Calculating the probable angle of scattering of a-particles 
as a function of the atomic charges, it is found that 



Fig. 194. a-particle Scattering in 
Thomson atom model. 


n 9 


N 0 e 


-(*/*») 


where N 9 is the number of particles scattered at an angle 9 , N 0 the 
total number of incident particles and <p m the most probable angle of 
scattering. It is evident from this relation that the probability o- 
large angle scattering is necessarily very small, since as 9 increases 
N v will decrease very rapidly/ For instance, when 9 — 30°, the pro¬ 
bability is of the order of 10 ~ 13 . Hence Thomson’s picture of the 
atom was quite unable to account for the experimentally observed 
large angle scattering. 

L Rutherford therefore proposed, in 1911, a new type of atom 
, capable of giving to an a-particle a large deflection due to a 
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single encounter. Since it was necessary t hat the a-particle at some 
point in its path through the atom must experience much largir re- 
pulsive forces than that permitted in Ihotnsons models he arguec 
that such a thing was possible only it the whole of the | s\ 1 1 * 

ges of the atom, instead of being uniformly distributed throughout a 
sphere of atomic dimensions, as Thomson imagined, was concentrated 
in a very small region at the centre of the atom. I he central core 
of the atom in which the entire positive charge of the atom was con¬ 
centrated was called the nucleus. The electrons in the atom were, 
in consequence, assumed to be situated outside the nucleus in some 
sort of configuration. Thus Rutherford arrived at the conception of 
the nuclear atom model. 1 Applying the same laws of probability to 
this atom model it was* shown that the proportion of a-particles 
deflected through large angles was much greater than in the case of 
the Thomson's atom. (The unclear atom model was experimentally 
tested and confirmed by Rutherford and his co-workers. \ 

EXPERIMENTS ON THE SCATTERING OF ALPHA PARTICLES 


Theory. In order to simplify the somewhat complicated 
theory of the scattering of a-particles by matter, the following 
assumptions are made : — 

(t) The problem is treated from the classical point of view, 
t.e., the scattering is regarded as due to elastic impact of two particles, 
the a-particle and the nucleus, their wave aspect being neglected, 

(«) The nucleus and the a-particle are considered as point 
charges, i.e., mere centres of Coulombian force ; thus the dimensions 
of the interacting particles are not taken into account. 

(in) The nucleus is considered to be so heavy that its motion 
during the impact may be disregarded. 

Let an a-particle moving along PO approach the relatively 
heavy nucleus stationary at N (Fig. 195). Since both are positively 
charged, there is a force of repul¬ 
sion between them, which being 
governed by the Coulomb’s law 
of inverse squares, will increase 
enormously as the a-particle gets 
closer to the nucleus. Applying 
the properties of motion in cen¬ 
tral orbits to the a-particle thus 
repelled by the nucleus, it can 
be shown that the path of the 
a-particle will, in general, change 
from a straight line to a hyper¬ 
bola PAP' one of whose foci is 
N and whose asymptotes PO and 
P'O give the initial and final 
directions of the a-particle. 
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Let the perpendicular distance of PO from N be p, i.e., the 
shortest distance from the nucleus to the initial direction, which 
is called the impact parameter. Let m be the mass of the a-particle 
2e its charge and v 0 its initial velocity. Let Z be the atomic number 
of the element that scatters the a-particle, so that Ze is the charge 
on the nucleus. The angle of deviation or scattering of the a-parti- 
C 6VIC *ently 9 as shown in the figure. J 

,et R be the position of the a-particle at any instant t. Refer- 

* JT* rt ^ as the origin and NOA as the 

axis of reference let NR = r, and RNA = p. Since the a-particle 

moves in a field of force, equal to + 2Ze 2 /r 2 (+ ve as the force is one 

oi repulsion, directed away from N), we have to deal here with mo- 

“® n *, central <° rb,t . the areal velocity of which is given by 

1/2 r 2 (dp/d/) — hj 2 (a constant). 

principle of conservation of momentum, we have 

m v 0 p = m . r . (d$jdt) . r = m r 2 (dp/d*) = mh 
[r (dp/d*) being the transverse velocity] 

v 0 p ~ h 

Similarly applying the principle of conservation of energy, if 
v be the velocity of the a-particle at R, 

1 m Vq 2 = £ m v 2 + 2 Ze 2 /r 

— 4 Ze 2 jmr 


(1) 


v 2 — v 2 


Since v 2 — (radial velocity) 2 -f- (transverse velocity) 2 

= (drjdt) 2 + r 2 (dp/d*) 2 

= (dp/dt) 2 [(dr/dp) 2 + r 2 ] 

= A 2 /r 4 [(dr/dp) 2 + r 2 ] 


...( 2 ) 


h 2 


* 9 





v n £ — 


4Ze 2 

mr 


... (3) 


Here we have a relation between r and p as a differential 
equation which will, when solved, give the nature of the path of the 
a-particle. 

Putting r — 1 ju, drjd$ — — i we get 


u % L dp 




-[( 


du \ 2 


dp 


+ u 



Hence relation (3) becomes 

du \ 2 


“ [ (rStf + 


u 


V, 


4 Ze 2 
m 


. u 
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NA = NO + Ol = NO (1 + 1 /*) = NO (1 + cos 6 ) 

/l + 2 cos 4 612 — 1 ' 
= (p/sin 6 ) (1 + cos e) = p 2 sin 0/2 cos 0/2 , 


= p cot 0/ 2 

p 2 = p cot 0/2 (p cot 0/2 — 6) or p = p cot 2 0/2 — ft cot 0/2 



(cot 2 0/2 — 1) 
cot 0/2 


2p cot 0 — 2p cot 



or ft = 2p tan 9/2 

Substituting for ft from equation (6), 


tan 



ft _ 2Ze* 

2p ~ pmu 0 2 


• * « 



*This relation shows that Z,- m and u 0 being kept constant, as 
the impact parameter p decreases from a relatively high value up to 
the limit zero, 9 increases from 0 to 180 °. This means that when 
the a-particle passes far away from the nucleus (t.e,, p great) the 
angle of scattering is very small. As the distance p diminishes, t.e., 
as the a-particle passes closer and closer to the nucleus, the angle of 
scattering will be greater and greater and in the limiting case of the 
central impact (p — 0), 9 = 180 °, i.e., the a-particle will be forced 
to retrace its path after approaching the nucleus up to a distance ft. 


We shall now deal with the case realised in the actual experi¬ 
ment w'here a narrow beam of a-particles is incident normally on a 
thin foil of the scatterer, and the scattered particles are detected by 
means of scintillations produced by them on a fluorescent screen 
normal to the direction of view. 


Let n be the number of atoms per unit volume of the scatterer 
of thickness t. Let Q be the total number of a-particles that strike 

unit area of the scatterer. From 
simple probability considera¬ 
tions the number of a*particles 
(N) that are scattered through 
an angle 9 and slrike unit area 
of the fluorescent screen at a 
distance r (Fig. 197 ) can be 
estimated as follows :— 

Assuming the atoms of 
the scatterer to be distributed 
at random like the molecules 
of a gas and hence utilising the 
principles employed in the 



Fig. 197. 


kinetic theory for calculating the mean free path, it can be shown that 
the probable.number of a*particles coming within the distance of an 
impact parameter p of a nucleus is given by 

... ( 10 ) 
36 


’T g 2 Q t n c ^ ^ 
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Hence, the number of a-particles having an impact parameter 
between p and p + dp is 

d (n p 2 Q t n) = 2 ir p Q n t dp 

After impact, these particles will be deflected through an 
angle between 9 and 9 + dtp. Thus the number of a-particles 
scattered between angles 9 and 9 + dtp is 

2 7 r Q 71 t p dp ••• (11) 

From equation ( 9 ), 


p = 


1 


6 cot 9/2 and dp = b x 


cosec 2 9/2 . dtp 


2 T/ x 2 2 

Substituting these values in equation ( 11 ) the number of a-particles 
scattered between 9 and 9 + ^9 is 


= 2jr Q n t x —r b cot 9 x 


2 


b cosec 2 9/2 . dtp 


1 


7 t Q n < 6 2 cot 9/2 cosec 2 9/2 . ^9 

*± 

All these a-particles will strike the screen within a circular 
annulus of area 27rr sin 9 x r dtp = 27 tr 2 sin cp Hence the number 
N of a-particles striking unit area of the screen at an inclination 9 
from the incident direction is given by 

Q n t 6 2 cot 9/2 cosec 2 9/2 efrp 
27rr 2 sin 9 dtp 

Q n t b 2 cot 9/2 cosec 2 9/2 
8r 2 . 2 sin 9/2 cos 9/2 


N = 


— Q n * 6 2 

16 r 2 sin 4 9/2 

Substituting the value of b from trqn. ( 6 ), 

Q n t . 16 Z 2 e 4 
16 r 2 m 2 v 0 4 sin 4 tp/2 

Q n t (Ze ) 2 e 2 
r 2 m 2 v 0 4 sin 4 9/2 

This is known as tho Rutherford scattering formula which states 
that if Rutherford *s conception of the nuclear atom is correct, the 
number of the a-particles N striking unit area of a fluorescent screen 
at a distance r from the point of scattering must be proportional to 
(l) 1 /sin 4 9 / 2 , ( 2 ) the thickness t of the scatterer, ( 3 ) the square 
of the nuclear charge (Ze ) 2 and (4) l/(wv 0 2 ) J > inversely to the 
square of the initial kinetic energy or to the fourth power ol tn 

initial velocity. 

Experimental verification. These theoretical predictions 
were tested and verified by a series of experiments conducted y 
Geiger and Marsden in 1913 and by Chadwick in 1920. 
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The experimental arrangement used by Geiger and Marsden 
consisted essentially of a strong cylindrical metal birx B fixed to 
a graduated circular platform A which 
could be rotated in the air-tight join 
C. The box was closed air tight at the 
top by a ground glass pi ate P and 
evacuated through the tube T ( Fig . 198 ). 

Inside the box were arranged the source 
of a-particles R (a tube filled with 
radon) and the scattering foil F (gold, 
silver, or platinum). These were moun¬ 
ted independently of the box. A low 
power microscope M to which a zinc 
sulphide screen S was rigidly attached 
was fixed to the box, facing the scatter¬ 
ing foil. On account of the independent 
mounting of the foil and source, the 
microscope with the fluorescent screen 
could be rotated along. with the box, 
while the scatterer and source remained 
fixed. This device enabled them to detect the a-particles scattered 
over a wide range of angles, from 5 ° to 150 °. 

The experimental procedure and the results obtained may be 
summarised as follows : — 



Fig. 198. Apparatus of 
Geiger and Marsden for the 
study of a-particje 


scattering. 


(£) Angular distribution of the scattered particles. The number 
of scattered particles N at different angles, i.e. t for different values of 
9 were counted by means of the scintillations produced on the screen 
S and observed through the microscope M with the given source and 
scatterer. A graph was drawn with log ( 1 /sin 4 <p/2) against log N 
and it was found to be a straight line inclined at 45 ° to the axes, as 
was to be expected, since the two quantities plotted were propor¬ 
tional to each'other, according to the theory. 

(ti) Dependence of scattering on the thickness of the foil. The 
thickness t of the foil was varied and the number N of a-particles 
scattered in a given direction (t.e., 9 constant) was counted for each 
thickness. It was found that N/f was constant as predicted by the 
theory. On doubling the thickness, for instance, the number of 
scattered particles was doubled also, provided the thickness was 
small. When the thickness of the foil was so great as to cause an 
appreciable decrease in velocity of the a-particles, the number of 
scattered particles increased rather more rapidly than required by 
the theory. This increase was due evidently to the decrease in 
velocity and when corrections were made for this disturbing effect, 
the results agreed with the theory. 

(tit) Variation of scattering with the nuclear charge. Using 
different elements for the scatterer, the number of a-particles N 
scattered at a given angle 9 was counted in each case. The initial 
kinetic energy of the a-particles was determined bj' an independent 
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magnetic deflection experiment. The total number Q of the a- 
particles was obtained by counting the scintillations on the fluores¬ 
cent screen in the absence of the scatterer. Using Rutherford’s 
formula, the quantity (Ze) 2 was evaluated. Assuming the value of 
e, the values of Z for different scatterers were obtained, which agreed 
with the atomic numbers of the elements known from other sources. 
Accurate experiments of Chadwick gave for Z in the case of copper, 
silver and platinum the values 29-3, 46*3 and 77*4 respectively, while 
according to the periodic table they are 29, 47 and / 8. This excellent 
agreement confirms the validity of Rutherford’s nuclear theory of 

the atom. 

( iv ) The effect of the velocity of a-particles on the scattering. The 
initial velocity r 0 of the incident a-particles w 7 as varied by placing 
absorbing screens of mica between the source and the scatterer, and 
its value obtained by finding the range R of the a-particles and 
applying Geiger’s law : R — ar 0 3 . Geiger and Marsden showed Ne 0 4 
to be a constant over a range of velocities, such that the number of 
scattered particles varied as 1 : 10, which, therefore, verified the 
fourth conclusion of the theory. 

I-- 

These experiments on the scattering of a-particles by thin 
metallic foils confirmed Rutherford’s theory so well that the nuclear 
atom model was at once universally adopted. Further, the experi¬ 
mental data enabled the value of 6, the distance of closest approach 
of the a-particle to the nucleus, to be determined. It was found to 
be of the order of 10" 18 cm. for gold and smaller for lighter elements. 
Considering the process of scattering as a kind of collision between 
the a-particle and the nucleus, the experimental value oihyVtz. 
10“ 12 cm., may be taken as giving the order of magnitude of the 
linear dimensions of the nucleu^., This shows that the nucleus 
occupies an extremely small part of the atom, since the atomic 
diameter is of the order of 10 -8 cm. In the space between t e 
nucleus and the outer confines of the atom there are a few 7 electrons, 
whose masses are very small and dimensions more or less of e 
same order of magnitude as that of the nucleus, but whose charges 
exactly balance the positive charges concentrated in the nucleus. 
Hence it has been remarked that the atom consists chiefly of emp y 


jpace. ,, 

Drawbacks of the Rutherford nuclear atom. Ruth erf^ _ s 
itom model, though unanimously accepted, was not free fromi Ji®* - 
dons, the chief of which arose from considerations of the stabui y^ 
,he atom as a whole. For, it became obvious that in the nuc 
Ltom equiL' rium could not be secured by the operation of etectr 
orces alone between the positively charged nucleus and the negat 
lectrons outside the nucleus. For instance, considering the ^ 
in atom with two electrons, the nuclear char f® + nuc leus, 
dectrons are symmetrically placed at a distance r electrons 

he force of attraction between the nucleus and each °f tlie e t 
s2e 2 h 2 while the force of repulsion between the electron 
Since the force of attraction is eight times greater than that 
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repulsion* the condition of stability is not satisfied and the electrons 

will fall into the nucleus, thus destroying the stable structure of the 
atom. 

In order to overcome this difficulty, Rutherford suggested that 
the electrons might be assumed to revolve round the nucleus, like the 
planets round the sun at such a speed that the mechanical centrifugal 
force would just balance the net excess of eloctrostatic attraction 
and in consequence stability could be secured. 

Rut such an assumption brought, in its wake, another very 
serious difficulty from the point of view of the. electromagnetic 
theory, according to which, a revolving electron should radiate energy 
continuously. Now this energy can only come from the atomic 
system, which will therefore steadily lose energy. As a result, the 
electron will approach the nucleus by a spiral path, giving out a 
radiation of constantly increasing frequency and finally fall into the 
nucleus. Thus the orbital motion of the electrons destroys the very 
purpose for which it was postulated, viz. the stability of the atom. 

urther, emission of radiation of constantly increasing frequency has 
no experimental basis, since atoms are actually found to emit dis¬ 
crete spectral lines of definite frequency. One is therefore forced to 
conclude that either the Rutherford atom model with revolving 
electrons is defective or the classical electromagnetic theory fails in 
the present case. The dilemma was solved in 1913 by Niels Bohr, a 
Danish physicist, who, admitting the failure of the classical theory, 
applied with remarkable success the quantum theory to the Ruther- 

tord nuclear atom with revolving electrons. This leads us to the 
consideration of the Bohr atom model. 


THE BOHR ATOM MODEL 

nf Pl a ^t> l 8 .k elebra f ed the0ry of atomic structure is an application 
o Planck s theory of quanta to the Rutherford nuclear atom in an 
attempt, extraordinarily fruitful, to define 

the nature of the orbits in which the elec¬ 
trons might revolve round the nucleus and 

to explain the origin of spectral lines of 
elements. 

According to the quantum theory, the 
energy of a system or exchange of energy 
between different systems occurs not in a 
continuous fashion permitting all possible 
values as demanded by the classical theory 
but in a discrete quantified form as integral 

cnerev A 3 ® 1 ® me , n . tar y quantum of 

etnictur 0 on the fc lowing two fundamental 

tulorv conformable t0 the quantum 


(») The first postulate, referring to the 



Prof. Niels Bohr 
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electronic structure , states that the electrons cannot revolve in all 
possible orbits as suggested by the classical theory, but only in cer¬ 
tain definite orbits satisfying quantum conditions. These orbits may 
therefore be considered as privileged orbits ; they must also be 
treated as stable and stationary , since the motion of the electron in 
them, though governed by the ordinary laws of mechanics and elec¬ 
trostatics, is not subject to the electromagnetic theory demanding 
continuous radiation of energy. In other words, the privileged quan¬ 
tum orbits are the non-radxating patks of the electron. Thus the 
difficulty with regard to the stability of the atom is overcome. 

(it) The second assumption concerning the origin of spectral 
lines states that radiation of energy takes place only when an elec¬ 
tron jumps from one permitted orbit to another. The energy thus 
radiated, which is equal to the difference in the energies of the two 
orbits involved, must be a quantum of energy Av. 

Bohr took, for the application of these ideas, hydrogen, the 
simplest of all elements, which had already been investigated exten¬ 
sively and was known to contain only one electron. According to 
the Rutherford nuclear model, the hydrogen atom should consist of 
a single charged positive nucleus (proton) and a single electron out¬ 
side the nucleus. Assuming that the laws of mechanics and electro¬ 
statics hold good for the orbital motion of the electron round the 
nucleus, the path of the electron can be taken, as a first approxima¬ 
tion, to be a circle with the nucleus at the centre. Bohr tackled the 
two problems connected with the hydrogen atom, viz. , the electronic 
structure and the origin of its spectral lines as follows : 

ELECTRONIC STRUCTURE 

Nature of the privileged quantum orbits* Considering the 
general case of a linear simple harmonic oscillator, its displacement 
x at any instant t is given by 

x = A sin 2nvt ... (1) 

where A is the amplitude and'v the frequency. As the total energy 
of the oscillator changes from all kinetic at the equilibrium position 
to all potential at the maximum displacement, it can be determined 
by computing the kinetic energy at the equilibrium position. 

The kinetic energ } 7 of the oscillator at the instant t 

= -i- m ( dxjdt) 2 

where m is the mass of the oscillator and dxjdt its linear velocity at 
the instant considered. 

From eqn. (1), dxjdt = 2rcvA cos 2 nvt and at the equilibrium 
position dxjdt is maximum ; ( dxjdt) mmx — 2ttvA, since the maximum 
value of cos 2nvt = 1. 

The total energy = 


2 


m [(dxjdt) mqX f 
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— — m (2 tzvA) 2 
= 2ti 2 v 2 A 2 jw 

According to the quantum theory, this energy should be an integral 
multiple of hv. 

nhv = 27 t 2 v 2 A 2 m, where n is an integer, 
or nh as 27r 2 A 2 v?n ... (2) 

The momentum p x of the oscillator at the instant t is given by 

p x — m (dxjdt) — w..2v7rA cos 2 nvt 
Putting m . 2 ttv A = B, p x = B cos 2 ™* 

• • Px / ® ” cos 2 kv/ 

From eqn. (1) x/A = sin 2 tiv/ 
x 2 / A 2 + p^/B 2 = 1 

This means that the relation between p x and x is given by an ellipse. 

If we draw a graph with x as abscissae and p x as ordinates, it will be 
an ellipse whose semi-major and 
semi-minor axes are A and B 
respectively. Considering such an 
ellipse (Fig. 199 ), let dx be the 
width of an element at a distance 
x from the origin. Let p z be the 
value of the ordinate correspond¬ 
ing to x. Then the area of the 
element considered is p x . dx. The 
area of the ellipse is obtained by 
the integration of p x . dx over a 
complete cycle, which is known 
as the “phase integral”, repre¬ 
sented by $ p z . dx. 


Y 



Fig. 199. 




area of the ellipse 


= 77 


X A X B 
= 27t 2 A 3 vw 

— n h from eqn. (2) 

raultiok^of t * e t P v, hft pi lnfc . e ? ral of a Hnear oscillator is an integral 
Etron in Pk r k S COnsfcant - Applying this result to the 

oscillator Sf rTplS Tt, L WMch is ec l uivalcnt to a harmonic 

momentum « i? * in ©ar momentum p by the angular 

.ppropS & S? •'•»»* * 

y) p 9 . = nh 

P 9 leu, where I is the moment of inertia of the electron and 
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to the angular velocity. The angular velocity being assumed con¬ 
stant, p^is also constant. 

2ll 








i.e, p 9 = n {hj2n) 

Hence, according to the quantum theory, the angular momentum of 
the electron moving in a circular orbit can have only those values 
which are integral multiples of A/ 27 T, or conversely the permitted 
circular orbils of the electron are those in which the angular momenta 
are integral multiples of hj2n. 


Radius, frequency and energy of the permitted orbits* 

In order to derive expressions for tnese quantities that define more 
precisely the permitted orbits of the electron in the hydrogen atom, 
let M and E be the mass and charge of the nucleus ; m, e and v the 
mass, charge and linear velocity respectively of the electron which is 
assumed to revolve in a circular orbit of radius o. In general, the 
nuclear charge E = Ze, where Z is the atomic number of the 
element ; for hydrogen Z = 1 and E — e. The nuclear mass M is 
so large compared to the electronic mass m that, for the present, the 
nucleus is assumed to remain at rest. 


The electrostatic force of attraction between the nucleus and 
the electron — Ec/a 2 . The centrifugal force of repulsion between 
the two resulting from the circular motion of the electron == mv 2 ja. 
The system will be stable, if 

E eja 2 — mv 2 /a 

v 2 = "Eejam ... ••• (0 

Introducing the quantum condition for the orbit, 

p 9 = Jw — n (kj27z) 

But Icj — mau) 2 — ma 2 . vja = mav 


mav 


nhJ2 7i 


v = nh\2r*ma 
Dividing (1) by (2), we get 

Ee 2n ma 
am * nh 


v 


2ttEc 

nh 


• 4 * 




Again from (2) a = nh^-rrmv 

Substituting the value of v from (3), 

nh ^ nh n 2 h % ^ ^ 4 ) 

° = 2 mn X 2wEe = 4w 2 Ecm 

Thus, the radius a of the permitted orbit is directly proportional to 
n 2 , since all the other quantities are constant. This means that ® 
radii of successive permitted orbits are proportional to the squares o 
the integers 1, 2, 3. These integers are called the quan um 

numbers of the respective orbits. 
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The radius of the first smallest orbit in the hydrogen atom can 
be readily calculated from the above relation by using the known 
values of h , E = e t and m and putting n = 1. It turns out to be 
equal to 0-53 x 10' 8 cm., and is known as the Bohr radius. The 
diameter of the first orbit is, therefore, of the order of 10 8 cm., 
" dich agrees with the values of the, diameters of atoms computed by 
various other methods. ' 

m 

Orbital frequency. If / be the orbital frequency, 

j _ wr v _ 2vEe 1 Ee 

% 2na nh 2 t za nha 


Ee 4rrr 2 Eem 4ir 2 E 2 e 2 m 
uh 7 i 2 h 2 n 3 A 3 



According to the classical theory, this orbital frequency is equal to 
the frequency of the spectral line emitted by the atom. But we shall 
presently see that it is not so according to Bohr’s theory. 

Orbital energy. The total energy W of the electronic system 
is equal to the sum of the kinetic and potential energies. 

The kinetic energy = */ a mv 2 = Ee /2 a from ( 1 ) 
and the potential energy = — Ee/d. 

W — — — 

2a a ~ 2a 

Substituting the value of a from (4), 



Ee 47t 2 Eem _ 27r 2 T7iE 2 e 2 

2 ' — n 2 h 2 Wh 2 


* « * 


• ( 6 ) 


w « being the energy of the electron when it is in the n lh orbit or the 
energy corresponding to the n th orbit. ’ 

, l n re ^ at * on » since t ^ e quantities except n are constants, 
the orbital energy is inversely proportional to the square of the 

quantum number of the orbit. Evidently for any one particular orbit 
e energy isjconstatU, which means that as long as the electron re¬ 
mains in that orbit it cannot lose energy by radiation, in contradic¬ 
tion to the classical electromagnetic theory. 

The interpretation of the negative sign associated with the ex- 

r s r: n <>r ? vh \ Ul oner gy i* important. As increases, the 
u e numerical value of the energy decreases, but on account of 

ihfi Tv S ! gn ’ ^ ie ac ^ ua * eiler gy w ill increase. This means that 

f . , or h ave greater energy than the inner ones . In the case of 
the hydrogen atom, taking the relation 

w _ 27C 2 7?lE 2 * 2 

n “ ~~n 2 h 2 ' 

Since E = e , W„ = _ 2m • A 
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Ener gy of the first orbit W, = — 2 x ^ x 28 x 10 ) 4 

X / o r t . , i a i>^\ . , i O 


Energy of the second orbit W, = — 


(6-55 x 10- 2? ) x l 2 
2155 x lO' 11 erg 

2’155 x 10- 11 


92 


Energy of the third orbit W, - — 


0535 x 10 11 erg. 
2155 x 10-n 

m -- m - m _ m _ 

3 2 


= — 0*238 x 10" 11 erg., and so on. 

Since the first orbit has the least energy it is the most stable 

and is the one which the electron occupies in the normal unexcited 
atom. 


Expressing the orbital energy^ in terms of the more convenient 
umt, viz, volts, energy in ergs = eV/300, where V is in volts ande in 
e.s u. (4*77 x 10' 10 ) 



— 2w(7re 2 ) 2 

n 2 h 2 



13*6 


volts, 


when the known values of m, e and h are substituted. 

The negative sign leads to another important conception regard¬ 
ing atomic structure. It means that the electron is bound to the 
nucleus by attractive forces so that energy must be supplied to the 
electron in order to separate it completely from the nucleus. In 
this sense the orbital energy is known as the binding energy or work 
function , which is then considered as a* positive quantity. In the 
case of the hydrogen atom the binding energy of the electron in the 
n th orbit is given by 13*6/n 2 volts. Energy required to extricate the 
electron from inner orbits is therefore greater than from outer orbits. 
If energy equal to that obtained by an electron subjected to an 
electrostatic field whose P.D. is 13*6 volts be supplied to the electron 
in the hydrogen atom, the electron will be completely expelled and 
the positively charged nucleus alone will be left over. The atom, in 
such a case, is said to be ionised . 


ORIGIN OF SPECTRAL LINES 


Summary of the experimental researches made on 
. spectral lines before the time of Bohr, In order to appreciate 
the importance of Bohr’s theory of spectral lines, it is necessary to 
make a brief survey of earlier researches on the spectra of elements 
and of the results obtained. 

A scientific study of the spectra of elements became possible 
only when the wavelengths of the spectral lines could be accurately 
measured. Direct measurement of wavelengths is based on the 
phenomenon of interference. Young, in 1801, was the first to make 
such estimates of wavelengths from data obtained with Newton s 
rings. Twenty years later, Fraunhofer developed the diffraction 
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grating as a method of measuring wavelengths. The next important 
advance was made by Angstrom who, in 1868, published an elaborate 
table of wavelengths in the solar spectrum, measured with three 
carefully ruled gratings. Measurements with gratings approaching 
modern accuracy were made by Rowland, who, about 1885, introdu¬ 
ced the concave reflection grating and greatly improved the 
technique of ruling the grating and using them. Michaelson's 
introduction of the interferometer and his use of that instrument in 
1895 for measuring the wavelength of the red cadmium line marks 
the latest important step in precision measurement of wavelengths. 
With the subsequent arrival of other types of highly perfected in¬ 
terferometers, such as Febry-Perot interferometer, Bummer Gehrcke 
plate, etc. measurements of wavelengths are now possible with an 
absolute accuracy of one part in a million, the relative accuracy 
being considerably higher. 


Dependable wavelength measurements thus having been made 
available, careful analysis of the great number of lines constituting 
the spectrum of an element was undertaken, as it was early realised 
that the study of the spectral radiations emitted or absorbed by the 
elements would greatly help in determining the structure of the atom. 
Most*of the atomic spectra are very complex, and the lines appear at 
first sight to bo distributed at random. But by the use of various 

kin^s of evidence such as (a) the physical appearance of the lines_ 

for instance, “sharp” and ‘diffuse”, (6) a physical change in the 
e cmcnt affecting certain lines in a similar manner—for instance, 
compressing the emitting gas, if one line is broadened, the companion 
lines are broadened at the same time,, (c) the behaviour of the lines 
when the emitting atom is subjected to a magnetic field, etc., it was 
shown that the spectral lines of an element could be grouped into 
several series Of such series for anyone element, the most intense 
are lour, called the principal, sharp , diffuse and fundamental. Simi¬ 
larities among these series in the spectra of several elements pointed 
that, not only there were some real underlying factors common to 
these series but also there existed some fundamental mechanism 
common to all elements as the origin of characteristic line spectra. 

lysica similarities in the spectra of elements having thus been 
noted several investigators sought for numerical relations in the 
lines Qt «- series as well as between the different series of a given ele¬ 
ment and of different elements. 


A v,„. ® a,me ?’ s empirical relation. Balmer, in 1885, succeeded in 

h wW. mg a S1 “ P ° rela * , ? n8h iP for the wavelengths of the lines in the 
“ * °^ 0n s I jectruna w hich can be represented by the formula 


1 

A 


= r(— 
\ 2 2 


1 

ri 4 


) 


wavA miTYitko C0I } 8tant » n ~ etc., A the wavelength and the 

cm , m t if* > V\ e , : reciprocal of the wavelength expressed in 
q an i y by which it is usual to designate spectral lines. 
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By substituting for n in the formula the successive values 3, 4, 
5, 6, we obtain the wave numbers of the four lines H a , H$, Hy and 
in the visible region, forming part of a series known as the Balmer 

series which actually contains as many as thirty lines so far measured 
and extends well into the invisible ultra-violet region, the lines be¬ 
coming progressively closer and fainter until they merge. 

The chief merit of this formula lies in the fact that it was not 
only later justified by Bohr’s theory but also correctly predicted that 
no lines of longer wavelength than H a would be found and that the 
series would “converge” as n assumes very large values. 

Rydberg’s formula. Rydberg, as a result of detailed resear¬ 
ches, established in 1889 that all the series in optical spectra could be 
arranged according to a general relation of the form 

v = v<x R / (n -f- p.) 2 , 

where R was found to be a universal constant for all series, now 
called the Rydberg constant , n an integer, y a fraction less than unity 
which is practically constant for all the lines of a series, the limit¬ 
ing or convergent wave number in the series, corresponding to n = oo . 
He proved also that the Balmer’s formula is a special case of the 
above general relation and estimated the value of the constant R 
as 109,720 cm." 1 . The great merit of Rydberg’s formula consists 
in the fact that wave number of any line can be expressed as the 
difference of two terms, one fixed, represented by and the other 
variable which is obtained by giving different integral values to n. 
Rydberg’s formula can therefore be written in a simpler form as 

"i « R f — 2 - 

Lm 2 n a J 

where rn is fixed and^n variable. 

Ritz combination principle. .It occurred to Rydberg that 
combinations of terms other than those giving the four chief series 
might correspond to spectral lines observed to be present in spectra 
but not belonging to the series. Ritz, in 1908, generalised this idea of 
Rydberg into a principle which achieved remarkable results in the 
classification of spectral lines. It may be stated thus : By a combi¬ 
nation pf the terms that occur in the Rydberg or Balmer formula , other 
relations can be obtained holding good for new lines and new senes, ro r 
instance, series other than that of Balmer in the hydrogen spectrum 
were predicted even before they were actually discovered by Paschen 
and Brackett, thanks to this principle. Taking the first two lines, 
H a and Hp of the Balmer series, we may represent them by 


v * ==R [^' - 

1 ~ 
3 2 _ 

and 

; 

= *[i 

-i] 

Combining these two ae 

“ — Tk ["] 

* 

f 1 

1 > 

( 1 

1 yi 

v 3 — v* = R | 

1 2* 

42 J 

~ u* ■ 

- w)\ 

' = R | 


-T.J 

1 * 
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this represents a new line —indeed, the first line of a new series in the 
infra-red, discovered by Paschen. Similarly the second line of the 
same series can be obtained by forming the difference of H y and H* 
and so on. In like manner, another series, also in the infra-red, dis¬ 
covered by Brackett, can be obtained with the combination princi¬ 
ple. 

This principle has maintained itself in the whole realm of 
spectroscopy, both in the optical and X-ray regions, as an exact- 
physical law with the degree of accuracy that characterises spectros¬ 
copic measurements. It gave Bohr the clue to interpret atomic 
spectra in terms of the quantum theory. For, according to classical 
idea, it was very difficult to imagine a mechanism which could emit 
spectra with the observed features. It was natural to assume that 
the higher members of a series were of the nature of overtones. 
Among acoustic vibrations many eases are met with, in which the 
frequencies of the overtones are not integral multiples of the funda¬ 
mental frequency. But no cases are known in which the frequencies 
converge to an upper limit. And in particular, the Ritz combination 
principle is without analog}' in the classical theory of vibrations. In 
characteristic atomic spectra, as in thermal radiation, the quantum 

theory succeeded where the classical theory failed, as proved bv 
Bohr.* J 


Bohr's theory of the origin of spectral lines. Since the 
electron revolving in any one of the permitted quantum orbits cannot 
radiate, according to Bohr’s first postulate, the question naturally 
arises whether the Bohr atom could radiate at all. It is an experi¬ 
mental fact, however, that atoms do radiate. Bohr solved the diffi¬ 
culty dexterously by the use of his second postulate. It has been 
shown that the outer orbits have greater energy than the inner ones. 
Now, supposing that the electron jumps, due to some reason or 
other, from an outer to an inner orbit, there must be an excess of 
energy equal to the difference between the energies of the two orbits 
involved. On the principle of conservation of energy one may legi¬ 
timately assume that the excess of energy has been radiated, How ? 
that question one cannot answer. The assumption must be treated as 
an axiom based on observation. Introducing now the quantum condi- 
ion of the second postulate, the excess of energy thus radiated must 

«l f q Tr tUm ° f Cn ? rgy h *> °° that the f ^quency of the emitted 
spectral line is equal to v. If and W „ 2 be the energies of the 

inner and outer orbits of quantum numbers n, and w 2 between which 
electronic transition takes place, then hv = W n — W„ or 

V .7 W "x)/*‘ This is known as Bohr's frequency condition 

22 ™? nf 7 r 0Sfc principles used in theoretical in- 

P tion of spectra. It leads in the present case to a formula of 

he spectral series. Substituting the values for W„ and W. viz. 

2n % mEt 2 e 2 




Tlx 2 h* 
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_ 2 n % mWe 2 
“ n 2 2 h 2 

2n 2 mTZ t e 2 / 1 1 ^ 

/i 2 \ 7t x 2 % 2 J 

2w a mE- , e 8 / 1 1 

A 3 \ nj 2 nJ 



It may be noted that the frequency v of the emitted spectral line is 
not the same as the orbital frequency j = 47 c 2 7 wE*e 2 / 7 & 3 ^ 3 , contrary to 

the demands oi the classical theory.*In terms of the wave number "v, 
a spectral line is given by 


v 


1 _ v 27r 2 mE 2 e 2 

A c ch 3 




This relation suggests a very simple picture of the origin of 
spectral lines. A spectral line is emitted when an electron initially 
revolving in an orbit of quantum number n 2 drops to an inner orbit 
of quantum number n v the wave number being given by the above 
relation. A whole series of lines corresponds to the electronic transi¬ 
tions from various outer orbits to a given inner orbit. 


The equation also offers a means of testing the validity of 
Bohr’s theory. In the first place, Bohr’s formula which contains a 
constant quantity 27t 2 mE 2 e 2 /cA 3 and the difference between the two 
terms 1 /n x 2 and 1 /n 2 * is very similar to the empirical relation of 
Balmer and Rydberg. Secondly, comparing Bohr’s relations with the 
empirical formula of Balmer, which had been stated long before Bohr 
proposed his theory, we see that the quantity 27 r*mE 2 e 7 cA 3 corres¬ 
ponds to the Rydberg constant R. The empirical value of R obtained 
by Balmer from his data of the hydrogen spectrum is 109,677'7 
cm/" 11 . Now evaluating the constant of the Bohr relation 2n 2 7ne i jch 3 
(since E — e for hydrogen) by substituting the known values of the 
quantities n f e , m, c and k, we get 109,740 cm. -1 . The agreement be¬ 
tween the two values is so close that it offers an excellent proof of 
the soundness of Bohr’s theory. 

The equation predicts also the different series actually observed 
in the hydrogen spectrum, giving even the numerical values of the 
wave number of any line in each series. Making = 2 and =3, 
4, 5, etc., the lines of the Balmer series are obtained. If we put 
= 3 and n z — 4, 5, 6, etc., we get the Paschen series in the infra¬ 
red, discovered by Paschen in 1909. If n x — 1 and w 2 = 2, 3, 4, etc., 
we have the Lyman series in the ultra-violet region, first observed by 
Lyman in 1914. Brackett discovered in 1922 another series in the 
infra-red corresponding to n x = 4 and n t = 5, 6, 7, etc. 


Diagrammatic representation of the series spectrum of 
the hydrogen atom in the light of Bohr’s theory- The spectral 
lines of the different series may be represented diagrammatically in 
the following, two ways ;— 
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,1* dtagra7n (Fig. 200) gives a pictorial representation of 

Bohr 3 privileged orbits and the transitions of the electron from outer 
orbits to inner orbits. 


as shown in the figure, 
giving rise to the 
different series. The 
orbits corresponding to 
n i = 1, 2, 3, etc., are 
called K, L, M. etc. 
shells, a nomenclature 
used in the study 
of X-ray spectra. It 
should be emphasised 
that this mode of repre¬ 
sentation of the origin 
of spectral lines does 
not correspond to the 
actual make up of the 
atom. The picture of 
an atom, with its 
several electrons re¬ 
volving in the various 
privileged orbits, is as 
far from the real struc- 



Fig. 200. Diagram showing the origin of 
ie senes spectra of the hydrogen atom. 
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with these various orbits 
is real. 

,_ Energy level diagram. 

Much more important than 
the above geometrical con¬ 
cept of orbits is what is 
known as the energy level 
diagram, where the diff¬ 
erent discrete energy states 
of the atom are represented 
by horizontal lines and the 
transition of the atom 
from one to the other of 
these states, giving rise to a 
sped ral line, by a vertical 
line connecting the two 
states involved (Fig. 201). 
The lowest energy level 
(n = 1) corresponds to the 
normal unexcited state of 


f > 8- 201. Energy level dmg rjra for the 

hydrogen atom. 
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the atom. Transitions to this level from higher levels give rise to 
the Lyman series. The other series are similarly indicated in 
the figure. The energv levels crowd together when the value of 
w becomes great. The diagram clearly brings out the fact that 
each series ends at a particular energy level. It summarises also 
beautifully the process of excitation which takes place in a discharge 
tube containing hydrogen gas subjected to electronic bombardment. 
Certain molecules of hydrogen are dissociated into atoms, and these 
either by collisions or through some other cause become “excited , 
that is to say, the electron is removed from its normal level to one 
of higher energy. After a brief interval, it returns to a level of 
lower energy, with the emission ot a spectral line of frequency 
characteristic of the transition process, which is always given by 
Bohr’s frequency condition 

w„, - w„, _ AW 

v = h h 


A single atom can, at a particular instant, emit only one spectral line 
of frequency corresponding to a particular transition taking P ® ce 
that instant. But, in the actual production of the spectrum in the 
laboratory a very large number of atoms participate. In some, one 
kind of transition occurs, while in others, other kinds of transition, so 

that several series of lines appear. Further, the 
volved is so large and there are so many transitions of a given Kin 
occurring each second, that to an observer the lines appear to be pr 
duced continuously and to be of constant relative intensity. 


Continuous spectrum beyond series limits. , 

continuous spectral emission are observed on the sho . ™ . e g re . 

side of the limits of the Balmer and Lyman series, w *£ ch ^ j eve i 
presented by the portion marked “continuum in the energy 1 
diagram. Taking, for instance, the Ba mer series, > 

■head' of the series (Ha) corresponding to n = 3, s 6563 A ^ 

•limit’ of the series (», = «>) » 3670 A • I " 31 ^ t 0 f certain 

total of thirty-one lines as computed from the £ r f t}| . limit 0 f 
nebulae and of the solar corona at a total eclipse. _ 7 p 

the series there is a region of continuous em.ss.on which we a 

dering now. It is due to the existence of states of highe^ 
that corresponding to an infinitely large qu ^nresen ted by electrons 

moving in parabolic and hyperbolic orblts ’ JJ J^nce and then fly 
kinetic energy approach the nucleus, curve round it once m ^ 

off again. Since these, motions are P er »°^ ey If one gu Jh elec- 
ed but form a continuous range of energy value . ATlftOUn ter, its 
tron is captured by the ionised hydrogen a ® ^ a ^uantis- 

final state must be a stationary orbit, C ess is P raJated as 

ed orbit. The excess energy involved m suc ^ p b that of ftuan- 

monochromatic light ; but since ® bserve d spectrum 

turn number n % = oo are possible,, the observea 
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additive effect of many such emissions, t.e., a continuous spectrum 
extending towards shorter wavelengths from the limit of that series 

Iw™ c ? nstant te ™ corresponds to the quantum state in which-the 
electron in captured. 

tho * corres pomleiice principle. Bohr’s theory gives only 

ft qU ! n !lf S 0r WaFe numbers of the spectral lines and says noth- 
linn. lk Ut * he P ature , (whether polarised or not) and intensity of the 
'into the for^ C f!k Ca ^ 1 theory of light emission gives a deep insight 
the relativ ^ Vlb f a p ,0ns ttnd ls ab| e to draw conclusions about 

thL dS- ten ?‘ t,eS ' of the vibration components. To make up for 
blishina » e Cy ,n ‘‘“ theory, Bohr discovered a principle which, esta- 

tite bet T Cen the Classical the quantum 

thcoi-v ahonf- f ' lni t0 i nl ^ ko use of the results of the classical 
tneoiy about intensity and polarisation in his theory also 

l* . According to the classical theory, the frequency of the sncctral 

numincS»?.Tn?’„ ,■'* "■kowntliat under certain cir- 

mstances, vu., for transitions between states .. (lllflntnm 

numbers are relatively high (sav *>1 qnrl ii r ^ aivfcum 
anuMmi i!«« • *i ^ u » ri ' and 50) the frequency of the 

P aI 1,ne co,ncldes vcr y nearly with the orbital frequency. * 


The orbital irequency f — 


4 7i 2 mE 2 e 2 


nVi* 


4nhne 4 
n*k? 


Since It = 2 tt 2 me 4 /cA 3 , / = 2 R c 

n 3 

The frequency of the spectral line is given by 


... (1) 


2n 2 w?e 4 / i I 


Rc 


1 


1 


nft 


\ rv j - 7*2 / 


the above 


R c 


li- 


l 


(u -p A?i ) 2 

_ T> _ 2 A H 

~~ 11 c * approximately 


... ( 2 ) 


as An is small compared with n {e.g., 1 compared with 50). 

by the quantum theory fo71wo^very ‘larg^auanf 6 fre ‘ ,uon , cy given 

hence with the classical frequency, referred 5o J i fre q ue *>cy and 
^ 4 • * er r«« to the fundamental mode 
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Vibration. If An > 1, but still n> v — /.An, which means 

that m the region of high quantum numbers in which the change is 

y several units, the quantum transitions correspond to overtones or 
harmonics of the classical frequency. 

Hence, when the quantum number has sufficiently great values, 
t ere is coincidence , while for moderately great values there is corres¬ 
pondence between the results of the classical and quantum theories. 

rom this fact, Bohr drew a very important conclusion, viz ,, for large 
quantum numbers the behaviour of the atom tends asymptotically to that 

which would be expected on the basis of the classical theory , which is the 
correspondence principle. 

Applying this general principle to the question of intensity and 
polarisation of spectral lines, the classically computed data about them 
holds good perjeclly correctly even to the lines obtained on the basis 
of the quantum theory in the case of very high quantum numbers 
and approximately correctly for moderately great quantum numbers. 


The correspondence principle has been particularly useful in 
predicting with certainty which transitions are forbidden, i.e., it leads 
to certain selection rules as required by experiment, which may be 
stated in a general way as follows : A spectral line is forbidden in 
emission if the corresponding harmonic component does not occur in 
the Fourier’s series of the classical periodic process. 

Thus the correspondence principle has''been very fruitful, 
though only an approximate rule. The problem of direct calcula¬ 
tions of intensity and polarisation of the light emitted by an atom as 
well as that of selection rules havejbeen decisively solved by wave 
mechanics. By describing the quantum states as wave states it is 

able to make quantitative statements about the intensity of spectral 
lines. 


It is. to be noted that the question of intensity is, in reality, a 
statistical problem which therefore does not directly come within the 
compass of the quantum theory that deals with individual events in 
the atom and hence offers no measure for the frequency with which 
they occur. It is this frequency of occurrence that is involved in all 
questions of intensity. The classical theory of radiation, however, 
uses mechanics to derive from a given orbital curve the complex of 
vibrations contained in it together with their amplitudes. In con¬ 
trast with this, the correspondence principle asserts that the unknown 

statistics of individual quantum processes is actually given by the 

classical calculation ; by calculating the amplitudes of the classical 
spectrum we obtain the correct numbers for the frequency of occur¬ 
rence of the corresponding quantum processes. An adequate cause 
for this assertion is obtained in wave mechanics which establishes a 
synthesis between the classical idea of continuity and the quantum 
concept ef discontinuity. 

The motion o£ the nucleus. In the simple theory developed 
above, it was assumed that the mass M of the nucleus was so great 
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compared with the mass m of the electron that the nucleus remained 
fixed at the centre of the circular orbits. This is rigorously true only 
it the mass of the nucleus is infinite. 

In reality, this is not the case. For 
instance, in the hydrogen atom the 
nuclear mass is only about 2,000 times 
that of the electron. On account of 
its finite mass the nucleus will also 
revolve. But the electron and the 
nucleus will evidently rotate about 
their common centre of gravity 0 
(Fig. 202), the former in the larger 
circle of radius r lt while the latter in 
the smaller one of radius r 2 . A simple 
theorem on centre of gravity gives the 
relation Mr 2 = mr ,. b A s before, if a 
represents the distance between the 
nucleus and the electron, we get 

r i — a — r 2 = a — rarj/M 
(1 + m/M) r, = a ; .-. r , = a M / (M + m) 

. r i = mr,/M = am j (M + m) 

hmee the two masses are revolving in circular orbits, 
two equations as conditions of stability, viz. 

hje/a? = mv‘ l jr l for the electron 
ant ^ Ec/a- = MV 2 /r 2 for the nucleus, 

niZsV ji Q ? y t thC t f Ctr0n * = “ »nd the velocity of the 
tern about 0. *’ * b g 16 common an 8 ular velocity of the ays- 

a ."'"" of *’"> ■“>. «■»* »f 

.*. Total K.E. — l / 2 mv 2 -j- */» MV 2 

Q » , V’2 Wcu 2 /*! 2 -j- M OJ~r o 2 

simp)ifying 8 we get* ^ ° f ^ ^ ** fr ° m Cqualions f 1 ) and (2) and 

Total K.E. i/ 2 { / ( M+ m) } uta? 

~ 1 lz p <*> 2 CL 2 

a ~ _ m 

• * - '—— • _ 

; 


... ( 1 ) 

... ( 2 ) 
we shall have 


(1 4- m/M) 


where _ _ 

M ~\-m 

usually called the “reduced mass”. 

The expression for the kinetic enpr™ 

the motion of the nucleus is taken into accoun^rff 636 ^ case . whe . re 

which the nucleus is supposed to be at istTn that tl” T ‘ ' n 
^ replaces the mass m of the electron. reduced mass 

write the final equatL^f^ ' ve ma y 

'I VI .lie wave numbers of the spectral lines of 
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the atom, in which the nuclear mass is not infinite ; 

- _2rc 2 mE 2 e 2 M (l 1 

v . cA 3 ' M + m \ Wi 2 n 2 

We see that the factor multiplying the quantity within the bracket, 
which factor gives the Rydberg constant, depends upon the ratio of 
the mass of the electron to that of the nucleus. For, m is replaced by 
7nMj(M + m) — mj( 1 + mj M). If M is infinite this expression is 
reduced to m. But actually the ratio mj M is not the same for 
different atoms. Therefore, the Rydberg constant will vary from 
element to element, though the variation will be small, since the 
correction factor, 1/(1 -f- mj M) is small. Including the atomic num¬ 
ber Z by the relation E =? Ze, equation (4) becomes 

- _ 27r 2 me 4 . v2 M (l 1 \ 

v ~ cA 3 ' (M + m) * Ui 2 « 2 2 ) ’** U 

The Rydberg constant for any element is given by 

2t zhne* M e 

K * ~ cA 3 * Me + m 



= ... ( 6 ) 

00 1 + mj Mg 

where R CJ0 = 27z 2 me i jch 3 and M e the mass of the nucleus of the 
element of atomic number Z. 


If Mg = oo , the expression reduces to R a — R^ = 2it 2 me^lch 3 . 
The constant R^ can be computed by substituting the values of the 
quantities involved ; but they are not known with spectroscopic 
precision. It is therefore preferably estimated from the spectro¬ 
scopically observed value of the Rydberg constant for hydrogen 
R h = 109,677*7 cm." 1 and the known value of m/M H = 1/1840 

using the relation 


Rh = Roo { V(1 + W M h 5 } 

The value of R^ thus found is 109,737*4 cm.; 1 . 
Equation (5) can be written as 


I 

= Z 


R 


(— — K) '** (7) 

\ n ! 2 n 2 2 / 

which expresses the modification to be made when the motion of the 
nucleus is included, and holds good for all elements. 


The above relation has been experimentally confirmed in the 
three following cases ' 

1. Spectrum of the singly ionised helium . The helium atom 
(Z = 2) has a mass four times that of hydrogen, a two-fold positive 
charge and normally two peripheral electrons. If it is singly ionise 
by the removal of one of the electrons, the residual atom, usually re¬ 
presented by He + , will have a hydrogen-like structure, consisting .o a 
positive nucleus about which a single electron rotates. It is to b© ex 
pected therefore that the spectrum of singly ionised helium should © 
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similar to that of hydrogen, but there will be differences due to the 
nuclear charge of the former being two instead of one and its nuclear 
mass being nearly four times that of the latter. 

Considering first the effect of the increased nuclear charge and 
neglecting the difference in nuclear mass, the ionised helium should 
give series of spectral lines represented by the equation 


= 4R 


1 


H 


Tli 2 


712 


This is identical in form with that of hydrogen ; but the wave num¬ 
bers of the He + lines would be four times as large as those of the lines 
in the corresponding series of hydrogen, since 4R H replaces R H . 

Such series have been actually observed in the spark spectrum 
of helium and are known as the Fowler and Pickering series, the for¬ 
mer corresponding to = 3, while the latter to — 4. This not 
only verifies Bohr’s theory but alscKprovides an irrefutable proof for 
the nuclear charge of helium being double that of hydrogen. 

Careful examination of the spectra of the two atoms, however, 
showed that the coincidence was not quite exact. Taking, for in¬ 
stance, the Pickering series, the second line in it is given by 
v = 4R H (1/4 2 — 1/6 2 ) = Rh( 1/2 2 — 1 /3 2 ) which is the wave num¬ 
ber of the first (Ha) line of the Balmer series. Accurate spectro¬ 
scopic measurements .showed that tho two lines do not coincide but 

the second Pickering line is shifted towards the shorter wavelength 
side of the Ha line. 

Theory accounts for this discrepancy by considering the differ¬ 
ence in nuclear masses in the two cases, which results in a slightly 
different value of the Rydberg constant for the two atoms, R ffrt being 

greater than R h . & 

general expression for the Rydberg constant (equation 


From the 
6) we get 


= R 


x 


{ M h / (M h + m) } 

{ M Hb / (M He + m) } 


Rh 

Rh* ~ Rqq 

- — — * i 

For corresponding lines in the two spectra 

^He __ M He (M H -f. m) 

Rh M H (M He •f wi ) 

Since the mass of the helium nucleus is nearly four times that of the 
hydrogen nucleus, 

Rh* _ 4M h (Mh + wi) 

Rh Mh(4Mh + m) 

_ 4(M h + m) 

^Mh + m 
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lnce t'he numerator is slightly greater than the denominator, 

Rh» In consequence, a line in the helium spectrum will have 

a s ightly greater wave number and hence shorter wavelength than 

t e corresponding line in the hydrogen spectrum, as experimentally 
observed. 

The values of the Rydberg constant estimated from the hydro¬ 
gen and helium spectra are 

i Rh= 109,677*7 cm. -1 ; R He = 109,722*4 cm. -1 

Other hydrogen-like ions whose spectra have been observed are Li'*' + 
and Be^and t he values of the Rydberg constants obtained are 
Rl> = 109,728*9, R Be = 109,730*8. Hence the Rydberg constant is 
least for hydrogen and increases with the increase of nuclear mass, 
approaching the universal limit Roo = 109,737*4 which corresponds 
to a nucleus of infinite mass. 

2. Determination of the ratio of the mass of the electron to that of 
the proton : m /Mh 

Taking the relation 

Rhc 4(M h -f- m) 

Rh 4Mh -f~ m, 

Rh c — Rh __ 4M h + 4m — 4 M h — m 
Rh — X U Rh,. 4M h + tn — M H — m 

3 m m 

3M h Mh 

Substituting the values for R H(> and R H obtained from spectroscopic 
data, m/ M H can be calculated and is found to be 1/1840, which is m- 
cxcellent agreement Avitli the value obtained by other methods. 

Further, determination of mj Mh is equivalent to measuring the 
specific charge ejm of the electron. 

m el M h e _ e/Mn 

° r * Mh e/m ° T m m/Mji 

Now c/Mh is the charge carried by a gramme ion of hydrogen, a con¬ 
stant which is known with great accuracy (96,494 coulombs). Hence, 
ejm is readily obtained which comes out to be 5*31 X 10 17 e.s.u. or 
1*77 x 10 7 e m.u,, a result much more accurate than can ever be o 
tained from experiments on the deflection of the cathode rays. 

3. The discovery of deuterium or heavy hydrogen of mass 

two. According to theory, for atoms of the same value o _ 
should be lines of slightly different wave numbers if their nuc - 

different masses. Hence, in the case of hydrogen, if t e iso P 
mass number 2 existed, there should be isotopic componen s , , . 
Balmer lines on the short w*avelength side. Calculation shOAte 
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the separation between the isotopic components won ldbe 1 793, 1*326, 
1*185 and 1*119 A° for the first four lines H 4 , Hp, H y , and Hs res¬ 
pectively. We have already described the very interesting circumstan¬ 
ces that led to the discovery of deuterium (Of. p. 252). We shall 
here summarise the researches of Prof. Urey and his collaborators, 
who succeeded, in 1932, to prove the existence of deuterium. They 
used a twenty-one foot concave grating, capable of producing a dis¬ 
persion of 1*3 A 0 per mm. and photographed the lines of the Balmer 
series. Using first ordinary hydrogen in the discharge tube, they 
found that H* and Hg had weak satellites separated by exactly the 
calculated distance. In itself, the appearance of a very weak line 
near each Balmer line would not have been quite convincing; but 
Urey and his colleagues made their proof definite by preparing three 
samples of hydrogen in which the proportion of H 2 , if it existed, had 
been raised by fractional distillation, and showing that the intensities 
of the lines in the positions calculated for II 2 were in agreement with 
the proportion of the heavy isotope believed to be in the sample. 
Thus the third sample which was prepared so as to be consider¬ 
ably richer in H 2 than the others gave more intense lines at the 
required positions. With this last sample they obtained 1*791, 1*313, 
1*176 and 1*088 A° for the separation of the isotopic components of 
the first four Balmer lines. Their experiments also showed that H 2 
was present in ordinary hydrogen in the proportion of 1 in 5,000. 

Such were the triumphs of Bohr’s theory, which, in their turn, 
established beyond doubt the essentia! correctness of the quantum 
atom model conceived by Bohr. The general principles used by Bohr 
were also successfully applied to a great number of phenomena, such 
as the excitation and ionisation of atoms, complex spectra emitted by 
atoms with many electrons and in particular X-ray spectra. We shall 
now consider some of these applications. 

APPLICATIONS OF BOHR’S THEORY 

fe- 

I. EXCITATION AND IONISATION OF ATOMS 

According to the theory of Bohr, in order that the atom may ra¬ 
diate, the electron must abandon its normal orbit and move tempora¬ 
rily to an outer orbit of greater energy. When this happens, the atom 
is said to be in an excited state. It is evident that the shifting of the 
electron to a higher orbit demands a supply of energy to the atom. 
The process of thus increasing the internal energy of the atom is call¬ 
ed excitation of the atom. If the excitation is so intense that the elect¬ 
ron is raised to the outermost permitted orbit (n = oo ), the atom is 
left with a net positive charge and is then said to be ionised. This 
extreme type of excitation is called ionisation of the atom. It is 
clear that the process of excitation and ionisation is an absorption 
phenomenon , since the atom absorbs energy sufficient to raise itself 
from the normal to the excited or ionised state. The state of ex¬ 
citation being abnormal, it lasts only for a very short time, of the 
order of 10 -8 sec., after which the atom comes back to its normal 
state, the return being accompanied by the emission of radiation 
according to Bohr’s frequency condition. 
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energy, so also the absorption of enJrev **■ qUanta °f 

ionisation of the atom takes place in dlcrete a, Ini 1 " Th* “1 f 

ZSWJSi 

by .» electric field .tee Id" 2 s,“a Tfg -f C "°, n * coi,W .' d 

the atom to its different quantised states As Z X™ t0 f 0 ? 

ing potential remains below a certain ^rit.V^i , g &S , the acceIer ^- 

oolSnStSwnV 011 /^ 8 d r 0n Cann0t Sfi the atom* Such 
is the conservation of'both £t?37f 

SZ„Te”,r»v o?,! “" J ""r “ f >l.oex«r„oiSu ““ 

ceeds the critf^I tce versa - But if the accelerating potential ex* 
a considerable Va ue me ^ 10n8 ^ above, the colliding electron loses 

the electron qnfF^* 11 ^ 11 ! 1 ener gy the atom struck by 

citation or ax/a ^ 5 rna ^ c ^ an 8 es of energy, which leads to its ex* 

sioM o l rrf 1011 ; , Such coJlisioris called inelastic colli - 

1C 1 1 e aws °f classical impact can no longer be applied. 

P'rr,'in*Ll S l 1 T a 'l t0 i dis ] fci ! lgu . isl \ two kinds of critical potentials, viz., 
ic fu + en ionisation potential. The excitation potential 

a , acce era ^ in g potential which imparts to the impinging electron 
enoug energy to make an electron of the impacted atom move from 
the normal to a higher orbit. It is also called radiation potential bc- 
f!* U + e 1 the atom which has absorbed energy corresponding to 

a potential to emit radiations, when it returns from the excited to 
e normal state, or resonance potential , because it is possible to pro- 
vo e the same excitation of the atom and the subsequent emission of 
_ e same radiation as is caused by a bombarding electron also by a 
igiit radiation whose energy content equals that of the impinging elec¬ 
tron. The ionisation potential is that acclerating potential which 
makes the impinging electron acquire sufficient energy to knock an 
electron completely out of an atom and thereby ionise the atom. 


Taking a concrete example, viz., the hydrogen atom, we have 
seen that the energy of the n orbit, expressed in electron volts, is 
given by the relation W n = — (13‘6/w^). From this we get — 13 6, 
3*4, — 1'51 ... 0 eV for the energies of the 1st, 2nd, 3rd ... oo 
orbits. Hence the energy to be supplied to the atom to raise it to the 
first excited state is (13 6 — 3*4) = 10*2 eV, to the second excited 
state (13 6 — 1*51) = 12 09 eV, to the ionised state (13*6 — 0) = 
13*6 eV. Thus, definite and discrete amounts of energy are required 
to excite the atom to its different quantised states. It can be readily 
seen that 10*2, 12*09 volts are resonance potentials, while 13*6 volts 
the ionisation potential of hydrogen. 

The number of resonance potentials is ordinarily great as com¬ 
pared with the ionisation potentials. In the,case of atoms with several 
electrons, there can be more than one ionisation potential. They are 
called the first order ionisation potential, second order ionisation 
potential, etc., according as the atom is singly ionised, doubly ionised 
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etc. But their number is limited to a few, since most of the electrons 
arc interlocked inclosed shells incapable of being affected bv ordinary 
external agencies^jj# we shall see. Helium has two ionisation poten¬ 
tials 24 5 and 78*6 volts ; magnesium also two 7*6 and 15 volts. 

Making the legitimate assumption that practically all the energy 
of the impinging electron is absorbed by the struck atom in the in¬ 
elastic collision, critical potentials enable us to determine the wave¬ 
lengths of the radiations emitted b} 7 the excited atom as it returns to 
the normal state and vice versa. Thus, if V be the critical potential, 
and v the frequency of the radiation emitted by the atom, then 

eV s= hv = hcj A 
A = hc/eV 

Expressing V in volts and A in Angstroms we have already seen that 
A = (12345/V) A° (cf. p. 443). 


Examples. If the accelerating potential is such that the imping¬ 
ing electron raises an atom of hydrogen struck by it to the first ex- 
cited state, i.e., the electron in it moves from the normal first orbit to 
the second, the radiation which the atom will emit when it returns to 
t e normal will be the first line of the Lyman series, whose wave¬ 
length, as experimentally measured in 1216 A 0 . Since the accelerat¬ 
ing potential in this case in 10*2 volts, the wavelength of the radia¬ 
tion according to the above relation is A = (12345/10 2) = 1210 A° 
in excellent agreement with the experimental value. 

The Wav elength corresponding to the ionisation potential of the 

hydrogen aiom (13*6 volts) is equal to 12345/13*6 = 90S A° which is 
in tne tar ultra-violet. 


-—JSL*? 0 “fr °[- mere “ i y va P°' lr the first resonance line is experi¬ 
mentally found to have X = 2536 A°. From this we can get the 
value of its first resonance potential. 

V = 12345/2536 = 4*87 volts. 

Jtai^retuinin?^ ^ M f is cxcited t0 a sufficiently high 

several'of^he^ntervenhng'pcnnitted^orbits tfT ^ 4 

entire spectrum of the atom d thereby 6 enerate the 

even SfSiefy by merod”^'^ CXCitCd &nd 

portal me^hod^ofTxcitatton^flT 1 * 04 ' i An ® xtensive, y use(1 and ™- 

suitably acceleratSchl 1 An^Llv^taZf^" 8 

trons whose velocity is below a P «rtJs v- st . ated ; 8,ow movin S See¬ 
the atom on which ^hev collide Crltlc 1 al valuo - cann °t excite 

“elastic” mlliainn. .u - de ‘ ^t can be shown that in such 

to the atom is negligibly^malUnd hT^ 7 from J' he co,Iidin g electron 
atom. ® " y - mail and hence insufficient to excite the 

velocitrl^iih^n^ftf ^ ^ asfcic of an electron of mass m and 

velocity ti with an atom of mass M, wnich for the sake of simplicity 
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is assumed to be initially at rest, 
travel with a velocity v in a 



After collision let the electron 
direction inclined at <p to its initial 
direction and the atom acquire a 
velocity V and move in a direc¬ 
tion making an angle 6 with the 
same initial direction of the elec¬ 
tron (Fig. 203). 

Applying the laws of con¬ 
servation of energy and of mo¬ 
mentum appropriate to the case, 
we get 

1 j 2 mu 2 — 1 / 2 mv 2 + 3 / 2 MV 2 (1) 
mu — mv cos <p + MVcos 8 (2) 

0 = mv sin cp — MVsin 8 (3) 


Rewriting (2) and (3) as 

mv cos cp = mu — MVcos 6 
mv sin cp = MV sin 8 
and squaring and adding, we obtain 

m 2 v 2 = m 2 u 2 — 2MmuVcos 8 + M 2 V 2 


Substituting for m 2 u 2 from (1), 

m 2 v 2 = m ( mv 2 + MV 2 ) — 2MmtiVcos 6 + M 2 V 2 
or 0 — wMV 2 — 2M«mVcos 8 + M 2 V 2 

= MV 2 (m + M) — 2MwmVcos 8 
— V (m + M) — 2mu cos 6 




2 mu 

(M -f- m) 


cos 8 


The kinetic energy acquired by the atom is 



MV 2 = 


M. 


1 

2 

.1 

= -TZT- mu 


4m 2 u 2 


(M + m) 2 

4M m 

(M + m) 2 


. cos 2 8 


, cos 2 8 



4Mm 

(M + m) 2 


. cos 2 8 


where E — l j% mu 2 is the initial K.E. of the electron. 

The maximum K.E., E mal , which the atom can acquirers given, 
when cos* 0=1. Since E„„ is also the maximum K.E. tnat * 
electron can lose in the process, 


E„„ = E 


4Mm 
(M + m) 2 


®na* _ 

E 


4 Mm 


{M + m) 2 
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since m is very small compared with M, even in the case of the light¬ 
est hydrogen atom, for which m/M = 1/1840. 


E 


max 


E 




1840 




002 


Thus the energy transferred from the electron to the atom in an 
elastic collision, even at its maximum value, is inappreciable. It is to 
be noted also that in an elastic collision if the colliding particles have 
energy other than that associated with their translational motion, for 
instance, rotational energy or internal energy, no conversion of this 
energy into kinetic energy of translation or vice versa takes place. 


But, when the' velocity of the colliding electron exceeds the 
critical value, ‘inelastic’ collision occurs, in which the electron loses a 
much larger amount o! energy than that computed above and the 
srtuck atom suffers internal change of energy leading to its excitation. 
For example, allowing a stream of electrons, accelerated bj^ an electric 
field, whose P.D. can be varied, to traverse a vessel containing sod¬ 
ium vapour and observing the result with a spectroscope, nothing is 
seen until the accelerating P.D. reaches 2 09 volts. For voltages 
slightly above this value the well-known D lines appear and those 
only. According to the quantum picture of the origin of spectral 
lines, then; must have been a change of state of the Na atom corres¬ 
ponding to an energy drop equivalent to 12345/5893 ^ 2*09 volts, 
which is exactly the accelerating P.D. applied. Hence the presump¬ 
tion is very strong that the electrons have, by collisions, transferred 
to the Na atoms sufficient energy to raise the latter from the normal 
to the excited state of 2 09 volts higher, so that the atoms in return¬ 
ing from that excited state to the normal emit the D line doublet. 


On further increasing the accelerating P.D. the D lines continue 
to appear, but no others, until the P.D. reaches 5*12 volts, beyond 
which, many more lines are produced, in fact a complete spectrum. 
The convergence wavelength of the principal series of the Na atom, 
to which the D lines belong as the first, is known to be 2410 A° and 
w due to the electron falling from infinity to the lowest normal state. 
Ihe energy change involved in the emission of this line is 12345/2410 

i> t* tu^ r u SSe i! * n 7°^ 3 > w hich is exactly equal to the accelerating 

i 0 he bombarding electron. Hence we may legitimately con- 
clude that an electron accelerated by a P.D. of 5*12 volts colliding 
* G a atom imparts to it sufficient energy to raise an electron in 
l o in mty, t.e., to ionise the atom. When the atom returns to the 
norma state, the electron might drop into any of the intervening 

quantum levels and thereby generate the entire arc spectrum of sod¬ 
ium. 


Collision of atoms at high temperatures. This method 
is known as thermal excitation or thermoluminiscence , since the excita¬ 
tion of the atom and the subsequejat emission of radiation are due to 
a rise in temperature. At ordinary temperatures, it can be shown 
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from kinetic theory principles that the probability of atoms which 
possess energies required for excitation by collision is negligible. But 
at high temperatures, with the increase in translational energy of the 
atoms, the proportion of atoms, which have sufficient energy to ex¬ 
cite one another by collision, is large enough to produce a perceptible 
iuminiscence. 

When a vapour begins to radiate due to its high temperature, 
the first spectral line observed corresponds to a transition from the 
lowest excited state to the normal. On further increase of tempera¬ 
ture, the translational motion becomes increasingly violent and is 
able to produce higher excitation, so that new spectral lines appear. 
For instance, just a few lines are observed at the temperature of the 
Bunsen flame (18/0 L C) ; in the electric arc (3500°C) many more lines 

appear, chiefly of the neutral atom ; in the electric spark discharge 
the lines of the ionised atom are seen. 

Inelastic collision of the second kind* There is ample evi¬ 
dence that a process, converse to the above, is also possible, viz. an 
excited atom may lose its excitation energy by collision with another 
unexcited atom, so that it returns to its normal state without emitting 
radiation . Such collisions are called collisions of the second kind in 
order to distinguish them from collisions, where the kinetic energy of 
translation is converted into excitation energy as in the previous case 
and which are known as collisions of the first kind. 

Collisions of the second kind are subdivided into two categories 
according as the excitation energy lost appears either purely as kine¬ 
tic energy of translation of the atoms involved in the collision, or 
as the excitation energy of the initially unexcited atom with the sub¬ 
sequent emission of its own characteristic frequencies. The former 
is known as non-radiative collision of the second kind t while the latter 
sensitized fluorescence. 

As an illustration of these phenomena the experiments of 
Franck and Cario on mixtures of two substances in the vapour state 
may be cited :— 

Sensitized fluorescence . Some mercury and thallium were plac¬ 
ed in a quartz tube which was heated in an oven to 800°C, so that an 
appreciable fraction of the mixture was kept in the vapour state. 
Light from a quartz mercury arc lamp was made to fall on the mix¬ 
ture. When the latter was examined with a spectroscope a number 
of lines characteristic of thallium, of wavelengths, 5351, 3776, 3519, 
3230, 2918 and 2238 A° were seen. The mercury resonance line, 
2536 A°, was also there, but it was much weaker in intensity than 
when no thallium was present. The observed phenomenon was ex¬ 
plained as follows : The Hg atoms are raised to the first excited 
state by resonance absorption of the 2536 line from the mercury arc 
lamp. Some of these excited Hg atoms by collisions of the second 
kind with unexcited T1 atoms transfer their excitation energy to the 
latter, which, in consequence, get excited and radiate their character- 
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istu jilies during their return to the normal state. That such a pro¬ 
cess actually takes place is proved by the following facts : (a) thal¬ 
lium vapour alone is not excited to resonance by the 2530 mercury 
line ; (6) all the lines emitted by thallium except one (2238 A 0 ) are of 
wavelengths greater than 2530 A p , which means that they corres¬ 
pond to energy transfers in the T1 atom less than the energy corres¬ 
ponding to the mercury 2536 A° line ; (c) the quenching or reduction 
in intensity of the resonance line of the mercury vapour* indicates 
that the Hg atom has lost its excitation energy and returns to its 
normal state without emission of radiation. Hence it is concluded 
that it is a case of sensitized fluorescence. 


. a ^ ie ^ noraa l° us thallium line, 2238° A, cannot evidently be ex¬ 
cited by the transfer ol the excitation energy of Iig atom (A = 2536 

A ) to the thallium atom, since the former is of shorter wavelength 
than the latter and in consequence corresponds to a greater energy 
than could oe supplied by the excited Hg atom. The extra energy 
required must, therefore, have come from some other source. Since 
such anomalous lines appear only at high temperatures (800°C) it is 

S tHat th6 / e ? uired additional energy is provided 

solely by the kinetic energy of thermal motion of the atoms This 

explanation has been confirmed by experiments with mixtures of 

«g — Ui,Hg — Pb, Hg — Bi and Hg - Zn. 

thp H fr lenCe H™ 3 , furnished that b °th the excitation energy of 
the Hg atom and the kinetic energy of thermal motion may combine 

. elementar y process to raise another atom, such as T1 Cd etc 
to a high excited state. ’ ’ elc, > 


Non-radiative collision of the second kind has also been observed 

m the case of mercury-argon mixture. Carlo showed that the ore 

sence of argon m mercury vapour very materially reduced the inten 
ever exritin e s Th anC b e ^ ° f the mercury va P our - without, how-' 
tnre’was irradiated by the 2536 line.^Examinati^nof theh^hft “ns' 

absorption 0 by* 

observed phenomenon can be explainedonlyby a^sumine^harnl 116 

^ 8e T d u k j nd ^ bXfen tL Hg 

is transferred to the“tter in the forVof Wneric energy fio^e 

also by e nerjf S u a p^iedl a tt , ? S ***?&*' *toms ^an be excited 

hydrogen with ultra-violet light“and 'sunnosinT 6 ’ 1 rrad ' at ‘ ng 
light contains one of tho wavelengths of tl.^T 8 that - the lncident 
corresponding to the second line A = 102fi A° y ™ an ® eries ’ sa y> that 
absorb this licrht will be riianrl 1026 t ’ len t* le atoms which 

electron wil S rotm t~ 6« tolh.T? «to 

the norn.nl, the.e e.cirodntom, 1" ” nine *° 

the etnicaion of light of the .nme w.vSennlh' ,'?n* r A- ° * ith 
snecesaive .tep,, f.o m the ..eond ro the S o«S a t{e /nd £ 
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to the normal, in which case two lines will be emitted, viz., the first 
line of the Balmer series (6563 A°) and the first line of the Lyman 
series (1216 A°). The phenomenon of emission of light by atoms 
which have been excited by absorption of light is called fluorescence, 
where the spectral lines emitted have always frequencies less than 
that of the incident light. It was first discovered by Stokes, as early 
as 1852, but an adequate explanation could not be had on the basis 
of the classical theory of resonance. Bohr’s quantum picture, on the 
other hand, offers a simple and satisfactory interpretation. When an 
atom is irradiated with light of frequency corresponding to one of its 
absorption lines, the return of the atom from the excited to the nor¬ 
mal state may occur in stages. Thus the transition from the level of 
energy Wj to that of W 2 may take place in many steps, as 

Wj - W ff , W 0 - W 6 , W b - W c .W„ - w„ 

where W 0 , W 6 , W„...W n are energies of intermediate levels and cor¬ 
respondingly ^ great number of frequencies are generated, all of 
which, however, are lower than the incident frequency given by 

(W, - W 8 )/A. 

Measurement of critical potentials. The critical potentials 
of excited atoms have been experimentally determined by the two 
following methods : — 

1. Electrical method. The general principle of this method 
consists in passing accelerated electron through gases and vapours 
and measuring the resulting current with a sensitive galvanometer. 
If the current thus measured be plotted against the steadily varied 
accelerating potential, the curve obtained presents marked disconti¬ 
nuities at potentials corresponding to the inelastic collisions resulting 
in the excitation of the atoms of the gas or vapour under study to 
the different quantum states. Hence the method uses excitation by 
electronic bombardment. 


The experimental arrangement (Fig. 204) consists essentially of a 
filament F which becomes a source of thermionic electrons when heat¬ 
ed by a battery B r Surrounding the 
filament is a spiral gridS w hich by 
means o&a battery B 2 can bo main¬ 
tained a# any desired 2>° s i^ ve P°^ en ‘ 
tial with respect to the filament. 
Around the grid S at a distance re¬ 
latively greater than that between 
S and’ F is a metallic cylinder CC 
which is connected to a sensitive 
galvanometer G. The filament, gn 
and cylinder are arranged inside a 
glass bulb containing the gas or va¬ 
pour under study, maintained at any 

desired low pressure. 

The thermionic electrons emitted by F are accelerated 
the grid S by a known positive potential V. When they enter 



Fig 204. Experimental arrange¬ 
ment for measuring the 
critical potentials. 
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space between S and CC } they will have an energy equal to eV. s, 

these electrons suffer no energy loss on collision with the atoms of 
the gas, they will travel to 
the cylinder and be recorded 
by the galvanometer. As 
the accelerating voltage is 
increased the current to the 
cylinder is increased until 
the energy of the electrons is 
just the right amount to 
raise the atom of the gas 
from the normal to one of 
its excited states. When 
this happens there is a drop 
in the current, indicating 
that many electrons have 
given up their energy to the 
gas atoms causing the excita¬ 
tion of the latter. Plotting 

variedTccoLatln^potcntia^a ga ^ anomet ® r a g ainst the steadily 

tained. The ditinuitS' in Z * “ ^ in Fig ‘ 2 ° 5 - * ob- 
current give the excitation potentials°*f '7 dr ° pS in the 

SSSi £X Z& 2FJS • thi . rf] ; etc - ' As the fi viStr 

i hg in a very g large ^ ta ""* 

Thls 1S a direct method in which erit.V^i , , 

nance and ionisation, are directly'measured' h P0 * e ,? tials ’ , b , 0th reso ' 

accelerating potentials of the electrons wfLh 3 ^ n® adlly kuown 

atoms give them sufficient energy to rise to wel' Pf C0 ! 1,sion wit)l the 
and finally to be ionised Lenard «,« "ell defined excited states 

ionisation potentials of a number of J he fi u St ’ ln 1908 > to meas «re 

by this method. Franck and Hert!* 8 f n iC, Ch ?-, air h bydr °g en > etc. 

the first resonance potential of meronrv ’ 1S m ** to measu re 

these pioneer workers, however, did not lend ,T he apparatus of 
rentiation between resonance and ionicat; ttself to a clear diffe- 
Gfiucher, in 1917, wriJigTh.D..1. .nd 
evident the discrimination sought fot « h a way as to render 

resonance potentials as well as the ionJitfon l JS? ea f! 1 w th ° Vario ' ,s 

Exprn iMcvrr,, atiou potential of mercury 

EXPE R im ENT OF DAVIS AND GOUCHER 

: , The modification introduced bv rw; a j „ 
gmal apparatus (Fig. 204) were a ‘ and Voucher in the ori- 

... W galvanometer was renlneod k., « , 

wrth a grounding key K, so that a PT) Z a quadrant electrometer E 

S and C. ' a r coul d be established between 

(it) The filamont F waq a n ^ ^ 

P d' v etWeen F and S waa lets and C ,* e< lt 0 th ® batte, 7 B =t that the 

P.D. between S and C. in opposite direction to the 
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Fig. 200. 


(m) A coarse wire gauze S' was placed surrounding the grid S 
close to the cylinder C. By means of a third battery B 3 this 

gauze could be maintained at a small 
positive or negative potential with 
respect to C. 

These modifications are sche¬ 
matically shown in Fig. 206. 

Let V 0 represent the P.D. bet¬ 
ween F and S, hence the accelerating 
potential of the electrons. Let V r 
represent the P.D. between C and S ; 
it is known as the retarding potcn- 
. tial, since the experimental condition 
requires that V r > V a acts in a direction opposite to that of V 0 . On 
account of this fact, the electrons accelerated from F towards S can¬ 
not reach C. Hence, as long as no positive^ions are produced in the 
space between 8 and C, the cylinder C can acquire no charge. But, 
if the accelerating potential exceeds a certain limit and in consequ¬ 
ence if the energy of the electrons becomes great enough to ionise 
some of the gas molecules in the space between S and C by inelastic 
collisions, the positive ions produced are attracted towards C and 
give it their positive charge. This results in a so-called ionisation 
current which is measurable by the rate at which the electrometer 
acquires the charge when the grounding key is open. Hence if V 0 is 
gradually increased, keeping V r always greater than and opposed to 
V 0 , then the least value of V„ for wduch the cylinder C gets any posi¬ 
tive charge can be found. 

This value of V fl certainly represents a critical potential, but it 
is not evident w hether it is an ionisation potential or merely a reson¬ 
ance potential. For, the charge received by C may not be necessarily 
due to positive ions ; it may also be caused in the following manner . 
When the energy of the bombarding electrons corresponds to the re¬ 
sonance potential, the molecules of the gas get simply excited with¬ 
out being ionised. These excited molecules returning to the normal 
state emit resonance radiations which proceeding in all directions iali 
on the inside walls of the cylinder C. If these radiations be of suffi¬ 
ciently short wavelength, active photoelectriciaily, they will expe 
photoelectrons from C, which in consequence will acquire a positive 
charge, and this also will be registered by the electrometer. I n °ther 
words, on account of the direction of the field between C and o o 
photoelectrons emitted by C will be directed towards S, which mean* 
a photoelectric current will flow in exactly the same direction as e 

true ionisation current due to the ionisation of the gas. ■ 

In order to distinguish between the true ionisation current an< 
the false one, i.e. t the photoelectric current, the wire gauze S is use 
Let V be the P.D. between C and S', which is weak and whose direc¬ 
tion can be reversed. Now* if the direction of V is such that is 
positive with respect to C, the photoelectrons ejected by C will reac 
S', while those given out by S' cannot reach C. In this caseC wil ac 
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quire a positive charge which will be registered by the electrometer. 
If \ is reversed, so that S' is negative with respect to C, photoelectrons 
from C cannot reach S , while those from S' will reach C which there¬ 
fore acquires a negative charge, that will deflect the electrometer 
needle in the opposite direction. Thus changing the direction of V 
reverses the direction of the photoelectric current. Supposing now 
i ii ionisation really takes place in the gas, the positive ions produc¬ 
ed are driven by the field through S' on to C and this will occur, 
whatever be the direction of V, since V is very small compared with 
V r . Hence, the true ionisation current cannot be reversed by revers¬ 
ing the direction of V and thus it can be differentiated from the false 
one. It is to be noted that although the photoelectric current might 

mask the real ionisation effect, yet it enables one to determine the 

excitation potentials, since it will begin abruptly as soon as a reson¬ 
ance potential is reached. r 


Davis and Goucher, using such a device, obtained for mercury 

vapour, curves of the kind shown in Fig. 207 by plotting the resulting 
currents to the cylinder ° 


Y 


C against the accelerat¬ 
ing potentials V 0 , The 
curve s q r above the 
X-axis is obtained when 
S' is positive, while the 
curve s q' r below the 
X-axis when S' is nega¬ 
tive with respect to C. 

No current is observed 
until V 0 reaches 4*9 
volts. Beyond that value 
a current is recorded, 
which can be reversed 
by reversing V, indicat- 
thereby that it is 
photoelectric current, 
a point r' on the 
lower curve, correspond¬ 
ing to V a = 10-3 volts, 
a sudden reversal of the 
direction of the current 
takes place indicating 
that the cylinder is be- 

ginning to collect positive ions. The potential 10-3 volts, at which 
ZrSZZrtr t Urrent : begi ?! l t0 flow ’ is the ionisation potential 

CaUSed by the mercury resonance line 2536 
emitted by the Hg atom excited to the first quantum state above the 

12345 a i a 9 n iT 2 n n A» g V n0FmaL • The experimental value is 
12345/4 9 _ 2520 A . The agreement is as good as can be expected, 
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Fig. 207. 
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since it is difficult to measure critical potentials to an accuracy great- 
ter than 0*1 volt. When the accelerating potential reaches 6*7 volts 
corresponding to qq' in the curve, there is a rapid increase in the 
photoelectric current, which is evidently^due to the excitation of the 
actually existing mercury line 1849 A 0 . Hence 4-9 and 6*7 volts are 
resonance potentials, while 10*3 volts the ionisation potential of mer¬ 
cury. 

The electrical method is subject to a systematic error on account 
of the initial velocity of emission of the electrons from the hot fila- 
rqent. The actual energy of the electrons will therefore be greater 
than that corresponding to the acclerating potential. The correc¬ 
tion for this error is best determined by measuring known critical 
potentials with the apparatus used. 


2. Spectral method. It consists in measuring the wave¬ 
lengths of the spectral lines emitted by the excited atoms reverting 
to the normal state. Having obtained photographs of the spectra of 
the elements under test, the spectral lines corresponding to the diffe¬ 
rent critical potentials are first identified, which is not easy in prac¬ 
tice. Then their wavelengths are measured and using the relation 
V = hcjeX the critical potentials are readily calculated. 

In these measurements one should remember that the first line 
in the principal series of the arc spectrum corresponds to the first re¬ 
sonance potential , while the last, the so-called convergence line of the 
series, to the first ioiiisation potential , since the successive lines are 
supposed to correspond to states in which the optical electron is re¬ 
moved farther and farther from the nucleus, so that the last line, %.«•» 
the convergence limit should correspond to the case when the electron 
is entirely removed from the atom which is thereby ionised. The 
intervening lines in the spectrum wi11 give the other resonance 
potentials. In the spark spectrum one gets the spectral lines of the 
already ionised atom and the convergence limit gives the second order 
ionisation potential. For instance, in the arc spectrum of helium the 
singlet series of lines has a convergence wave number of 198,228 cm. 
or a wavelength of 504*2 A°, which gives the first ionisation potentia 
of 12345/504*2 = 24*46 volts. In the spark spectrum, one gets the 
spectral lines of the ionised helium atom and the convergence ot e 
first series is 438,800 cm.-* 1 which gives the second order ionisation 

potential of 54*14 volts. 

This method, though an indirect one, is capable of giving 
accurate results than the electrical method, since the measuremen 
wavelengths can be done with greater precision than that of acce 
rating potentials. It has been used with great success by Mi 1 ’ 

Bowen and others. The great difficulty in this method is to l en 
correctly the lines corresponding to the different resonance po & en 1 ’ 

but it is best suited for determining the ionisation potential, sine 
convergence line is easily identified and its wavelength accura 
measured. 



40KV 


iu uuierent wave- r 
lengths with a Bragg spectro- ! 
meter for different excitation 
voltages. When the experi¬ 
mental data were plotted, t.e 
intensity of ionisation I va. 
wavelength A, curves as shown 
in Fig. 208 were obtained. It 
is seen that for each excitation I 

voltage, starting at the long 
wavelength side the curve rises 
to a maximum and then drops rapidly to 
there is a well-defined minimum waveler 
with a wavelength lower than that critic 
excitation voltage, the smaller is the val 
ength limit The intensity reaches a m. 
length and the position of the maximum 
voltage, being displaced towards the sh< 
voltage is increased. 

•. . Duane and Hunt discovered a verv 
minimum wavelength limits and the exci 


Continuous X 
spectrum. / 
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inversely proportional to the applied voltage V or v maz is directly propor¬ 
tional to V. If the limiting frequencies are plotted against the applied 
voltages, a straight line graph passing through the origin is obtained. 
This empirical law of Duane and Hunt is expressed analytically as 
eV = hv max — hcj\ min which is exactly like Einstein’s law of equiva¬ 
lence (cf, p. 443). This law has been verified by different observers 
over a wide range of potential, from 5,000 to 100,000 volts. 

It may be noted that the above relation affords one of the 
most reliable and direct means of measuring Planck’s constant *h\ From 
the experimental curves (Fig. 208) A OTJW for a given excitation voltage 
V can be accurately measured. Then assuming the values of e and 
c, h can be calculated using the Duane and Hunt law. 

The total intensity of the continuous spectrum given by the 
area enclosed by the experimental curve, corrected for several sources 
of error {such as absorption of the rays in the space between the tar¬ 
get and ionisation chamber, incomplete absorption of the rays in the 
ionisation chamber, production of secondary electrons and characteris¬ 
tic radiations) is found to be very nearly proportional (») to the 
square of the applied voltage for a given target and (ii) to the atomic 
: number of the target when a constant potential is applied. The shift 
of the maximum intensity position towards the short wavelength side 
is analogous to the shift of maximum intensity in the black body 
radiation with rise of temperature. 

Theoretical explanation. The continuous spectrum is believed 
to be emitted as a result of the deflection of the cathode ray electrons 
by the strong fields surrounding the nuclei of the atoms of the target, 
in contrast to the line spectrum which arises due to changes in the 
internal energy of the atoms of the target ionised by the cathode elec¬ 
trons. If an electron passes close to the positive nucleus, its path 
about the nucleus would be a hyperbola. The acceleration of such 
an electron, according to the classical theory, will cause the emission 
of a pulse of radiation. The intensity distribution curve for such a 
pulse can be found by a Fourier analysis of the pulse in monochro¬ 
matic wave trains. But the existence of a limiting minimum wave¬ 
length in the intensity distribution can hardly be explained by the 
classical theory. 

The quantum theory has been more successful in the interpreta¬ 
tion of this special sharp “cut off” feature of the continuous spect¬ 
rum. For, considering the case as the inverse of the photoelectric 
effect, just as a radiation of frequency v causes the ejection of an 
electron of energy eV from the irradiated atom so also an electron m 
energy eV hitting an atom excites a radiation of frequency v, both 
phenomena being governed by the same Einstein’s quantum law cl 
equivalence hv max — eV which is the same as the empirical Duane- 
Hunt law. If the kinetic energy of the electron is increased, the limit¬ 
ing frequency also will be increased. In addition to this maximum 
frequency, we should also expect a whole spectrum of lower frequen¬ 
cies, because only very few of the electrons give up the whole o 
their energy in a single encounter with the nuclei. Most of them re- 
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(c) A very simple relationship existed between the frequency v 
of a particular line and the atomic number Z of the element emitting 
that line. On plotting the 
square root of the fre¬ 
quencies of a given line 
against the atomic numbers 
of the elements emitting 
that line, a straight line 
was obtained, as shown in 
Fig. 209. The same linear 
relation was found to hold 
good for any line in any 
series. 

The equation of any. 
one of the straight lines on 
the -Moseley diagram is 
given by v = a (Z — 6) 2 
where a and b are constants, 
characteristic of the line 
under consideration. 

Moseley s researches showed also that the determining factor in 

t e arrangement of elements in the Periodic table should be the atomic 

number and not the atomic weight, thus removing the discrepancy in 

the order of certain elements from the point of view of their atomic 

weights. For example, we find that argon ( lg A 40 ) comes before po- 

t ssium (, 9 A ), similarly cobalt ( 27 Co 58 - 9 ) before nickel (., g Ni 68 - 7 ) etc 

thus in the reverse order as regards their atomic weights', but correct 

according to their chemical properties. On the basis of the atomic 

““““.er. we see that the arrangement is justified. This shows that as 

infnnnlnt e properties of the atom the atomic number is much more 

P. ^" t '. than tl ?f atomic weight, which fact is further confirmed by 
fhe isotopic constitution of elements. 

bv ,,Tj a l!: ne spec . trum analysis also perfected the Periodic table 
maiuriitm^ new elements, e.g., hafnium (72), illinium (61), 

therohv'fivin J +1 * 6 6 *°f the atomic numbers of rare-earths , 

Y ir P° sltlons J“ the table. In fact, th^ study of the 

narativelv riniH ^ S P e £ tra ^ om of Moseley provided a corn- 

wise remiTrpH^fl 1 r °^+i nS ^° T i aiia ^y s ^ s substances which other- 
quired a lengthy and complicated chemical process. 

the ehment^tmd^theixcitatim^oltaa^ The 3 h depends on 

11 mnium muon voltage. The heaviest elements, such as 

series K L M W emi1> complete spectrum, where all the 

the number oHines 6 dlTrtzt i^the 1006 ^ t ^’ ards lighter el « ments > 
Other until finally . reaSlJ an d the senes disappear one after an- 

* y with very light elements only the K series remains. 

expected re that B hioh eXC * ta i ti ° n v<dta 8 c > has been found, as is to be 
expected, that higher voltages are required to excite the series of 
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greater frequencies. Further, at a definite excitation voltage all the 

lines of the corresponding series or sub-series appear together. In 

tins way it has been found that there is only one excitation potential 

lor the K-series, three excitation potentials for the three sub-groups 

ol the L series, five corresponding to the five sub-groups of the M 

senes, etc. The excitation potential lias been shown to be very nearly 

proportional to the square of the atomic number of the element emit- 
ting the spectrum. 

The X-ray spectra have been found, to a first approximation, to 

be independent of the isotopic constitution of the emitter as well as its 
state of chemical combination. 

Several workers, notably Duane and Shimizu, Siegbahn and 
otenstroem and Cooksey have carefully compared some of the emission 
lines of ordinary lead and of specimens of radioactive lead. They 
lave not been able to observe any measurable difference, which indu 
cates that the isotopic constitution of the elements, chiefly the hftttvy 

ones like lead, does not influence the X-ray spectra, unlike in the 
case of optical spectra. 

The X-ray spectrum of an element is, to a first approximation, 
independent of its state of chemical combination. There is evidence, 
however, of a certain influence of the chemical combination on the 
X-ray spectrum, manifested by a very small displacement of the 
spectrum, chiefly in the case of light elements and in particular with 
sulphur, phosphorus and chlorine. 

SOME PECULIARITIES OF THE CHARACTERISTIC X-RAY SPECTRA 

!• Fine structure. Later investigations with more refined 
apparatus than that used by Moseley have extended very much our 
knowledge of the characteristic X-ray spectra and at present it is be¬ 
lieved that practically the entire spectra of most elements have been 
mapped out In addition to the K and L series, others such as M, N 
and 0 have been found. Of these the K series alone is single, while 
the L series consists of three sub-groups, M five sub-groups and N 
seven. The K series is composed of four lines, the L series more than 
thirty lines, etc. They are designated by the symbols K* t K* 2 , K$ 2 , 

-k*j, I j a 2 , Lo Lg 2) etc. and are known as the fine structure of 
X-ray spectra. 

2. Satellites. With improved technique in X-ray spectro- 
graphy, many more lines, other than those mentioned above, were 
discovered. Most of them were rather faint and were usually found 
close to and on the short wavelength side of the more intense lines , 
hence they wefe called “satellites” or “second order” lines ; as they 
could not be readily fitted in the conventional energy level diagram^ 
unlike the “parent” lines, they were called also “non-diagram” lines. 

Siegbahn and Stenstroem observed these satellites in the K 
spectra of elements from Cr (24) to Ge (32), while Coster, Thoraeus 
and Richtmyer in the L spectra of elements from Cu (29) to («5I) 
and Hjalmar, Hindberg and Hirsch in the M series of elements fro® 

Yb (70) to U (92). Most first order lines are found with such satelh 
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structure of varying intensity, which varies also from line to line as 
well as from element to element. The total number of the satellite 
lines now known far exceeds the total number of the parent lines. On 
account of the low intensity of the satellites, reliable information on 
their various characteristics, such as their wavelength positions, their 
intensity variation with the atomic number of the radiating material 
or the excitation potential etc., is difficult to obtain. Careful and 
patient researches by different workers have, however, furnished the 
following data : — 

(t) The excitation potential of certain satellites is definitely 
greater than that of the corresponding parent line, as was shown by 
the experiments conducted by Baecklin, Druyvesteyn and others. 

(n) Siegbahn has shown that as many as five satellites can be 

excited by the side of the normal L* line of Mo by progressively 

raising the excitation potential. Their successive appearance might 
well correspond to the atom, once, twice, thrice, etc., ionised, since the 
intensity of ionisation can be increased by increasing the excitation 
potential, in analogy with the higher orders of optical “spark” spectra. 
Hence the satellites are sometimes called the X-ray sparJc lines. 

(m) In the case of the spectrum of Fe it has been found possi¬ 
ble to avoid the intense ionisation of the atoms and thereby prevent 
the appearance of satellites by causing the emission of the lines by 
the fluorescence method. 

( iv) While the intensity of the K satellites is found to decrease 
in a continuous manner with increasing atomic number of the radiat¬ 
ing material, the intensity of the L* satellites decreases rather abrup¬ 
tly as the atomic number increases from 47 to 50 and to increase 
again rather abruptly at about 75 ; between atomic numbers 50 and 
75, the Lj, satellites are practically unobservable. 

3. Auger effect. One of the methods of producing the cha¬ 
racteristic X-ray spectra of an element is to irradiate the element 
with primary X-rays that are har¬ 
der than the characteristic rays to 
be produced. This is known as 
fluorescence which is preceded by 
the photoelectric process, i.e., the 
ejection of electrons from the 
atoms of the elements. Under cer¬ 
tain circumstances, however, the 
photoelectric effect alone talces 
place and that in a complex man¬ 
ner, without the accompanying 
fluorescent radiations. This is 
known as Auger effect , since al¬ 
though the phenomenon was first 
observed by Wilson in 1923, yet it 
was Auger, who, in 1925, clearly 
demonstrated its existence. Auger 
took expansion photographs with 
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c'i Wilson’s cloud 
frequencies were 


(ha mber 
much high 


filled with argon, using X-rays whose 
er than necessary to eject the K-eleetron 



Aup’r eifect (cloud chamber photograph) 


of argon. In the photographs he found, along with the expected 
tracks of the K-photoelectrons, other, very short, ball-like tracks, 
occurring at the starting points of the photoelectron tracks as seen in 
the photo above. On the assumption that these short tracks were 
due to low speed electrons, he surmised that there should be a simul¬ 
taneous ejection of two or more electrons from the same atom , i.e., a com¬ 
pound photoelectric effect y different from the normal one caused by the 
incident X-ray beam at the various shells of the atom (cf. p. 441). 


we 
the 

following characteristics of the phenomenon : — 

(z) The photoelectron and the accompanying Auger electron 
arise at the same point. 

(u) The length of the Auger electron track is independent of the 
frequency of the incident X-rays, whereas the length of the photo- 
electron track increases with the frequency. 

(m) The direction of ejection of the Auger electron is indepen¬ 
dent of that of the photoelectron. 

( iv ) Not all photoelectron tracks show an Auger electron track 
at their source. 

(f) The length of the Auger electron track increases as the 
atomic number of the irradiated gas increases. 

Any plausible theory of the characteristic X-ray spectra must 
be able to account for all these experimentally observed peculiarities 
also. 

Theoretical explanation* Bohr’s theory offers a cogent ex 
planation of the main features of the characteristic X-ray spectra. 


Pursuing his researches on the short tracks, produced by, what 
shall henceforth call as * Auger electrons’ in order to distinguish 
in from tho normal photoelectrons, Auger was able to gather the 
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Considering the atom of an element of atomic number Z, it is made 
up of a central positive nucleus of charge Ze and a swarm of Z elec¬ 
trons surrounding the nucleus and arranged in a definite manner, i.e. T 
different groups or shells. There are reasons to believe, as we shall 
see later, that the innermost shell corresponding to the first quantum 
orbit (n = 1) can contain only two electrons, the next (n = 2) 8 elec¬ 
trons, the third (n = 3) 18 electrons and so on. These successive 
shells have been designated by the letters K, L, M, etc. In the nor¬ 
mal state of the atom, the Z electrons are, in general, so arranged 
that the innermost shells are all full with their quota of electrons, 
while at the outer incompletely filled shells there are a few stray 
electrons. The electrons in the innermost shell are very strongly 
bound to the nucleus so that extraction of these electrons will involve 
a large amount of work which will be greater the nearer the shell is 
to the nucleus—hence maximum for the K shell less for the L shell, 
still less for the M shell, and so on. Further, the arrangement of the 
electrons in the innermost shells will be regular and essentially the 
same for all elements, except the very light ones. The only varying 
factor with the increase of atomic number is the increasing pull of the 
nucleus due to its charge Ze on these inner groups of electrons. The 
electrons in the partially filled outer shells are characterised, on the 
other hand, by a comparatively small amount of work of extraction ; 
they are differently constituted in different elements ; they are more 
exposed than the inner electrons to external disturbances, such as 
collisions, chemical force, etc., which can easily displace them to still 
outer virtual levels unoccupied in the normal state of the atom (exci¬ 
tation) or even remove them completely from the atom (ionisation). 

Since high quantum energies are required for the excitation of 
X-ray spectra, which are further found to be independent of the state 
of chemical combination of the element, it can be inferred that the 
X-rays arise from the activity of the electrons in the innermost shells* 
The arrangement of these electrons being one of the greatest order 
without any haphazard or even periodic variation, remaining essen¬ 
tially the same for all elements, unlike in the case of the electrons in 
the outermost shells, the comparative simplicity and similarity of 
the X-ray spectra of all elements, without any of the periodicity 
characteristic of optical spectra, are readily understood. At the 
Bame time, the different stability of the inner groups of electrons 
arising from the increasing nuclear pull as the atomic number in¬ 
creases, explains the steady shift in the X-ray spectrum as we pass 
from one element to another. The same variation of nuclear pull 
accounts also for the experimentally observed increase of the exci¬ 
tation voltage as the square of the atomic number. 

Supposing that an atom in the target of an X-ray tube is bom¬ 
barded by a high velocity electron which possesses enough energy to 
penetrate into the atom and knock out on© of the electrons in the 
innermost shells, say one of the two electrons in the K shell, the 
vacant space in the K shell will soon be filled by another electron 
from an outer shell, say for instance, by an electron from the next L 
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to® tL I [' Tl\^ e the at ° c m Wil1 underg0 a transition from ths K 

. energy. The emission^f K ° f , energy b e'ng emitted as a quantum of 
this kind Tim . k- fc »hneis ascribed to an atomic process of 

Bohr’s frlmi < l uan am corresponding to the K a line is given by 

arc [he Jnl nCy r°f d,tl ° n : /tv * = W k - W L where W K and w[ 
are the ener gl es of the atom in the K and L shells respectively. 

from the\T Sin r H manner ’ the K S line originates when an electron 

crnencv is aiven'h ^ oes to ,w tbe vaca ncy in the K shell, and its fre- 
to accmin? f H y Av B— W K — W M . The picture may be extended 
in f' f ° r °r PredlCt any 0ne of the characteristic emission lines 

knocked ZT' f l T instance > when an electron from the L shell is 
the K shell 1 ti° 10 at01 ? or 8 0ne over to occupy a vacant space in 

an <de[t'r f' e Va r. anC u V u hUS Created in the L sheI1 “ a y be filled by 
lines of *1 T fmm the T h ' gher M ’ N> etc ’ shells - thus giving: rise to the 
emisle ; 16 i s f nes : . a . n actua l target, many atoms are simultan- 
<lifTere,i/ 1VO VC ’ gl 7 ing r * so to the observed lines grouped into the 
nroees senes. he same series of events will happen, even if the 

fill ls .. started by a Primary X-ray of sufficiently high frequency 
tailing on the emitting material. 

Kossel s diagiam. The origin of the X-ray lines may be repre¬ 
sented schematically by a diagram due to Kossel (Fig. 210). It is seen 

that the lines of a given series, 

® say K, are formed by the transi¬ 
tion of an electron to the K 
shell from a number of other 
outer shells. It may be noted 
- that the series in the optical 
spectra observed with the light¬ 
est elements (H, He) are mere¬ 
ly the X-rays of these elements. 

In the case of hydrogen, the 
Lyman, Balmer and Paschen 
series can thus be assimilated to 
the K, L and M series respec- , 
tively. In a general way the 
X-ray spectra of the light ele- \ 
ments tend to resemble optical I 

Fig. 210. Kossers diagram. spectra by becoming more com- 

plex and losing their atomic j 

character. For the heaviest elements the K and L series belong, 
strictly speaking, to the X-ray region, w r hile the outer P, Q series to 
the ultra-violet region. As we proceed from light to heavy elements, 
the number of electrons increases and in consequence the number ot 
shells complete with their quota of electrons increases also, which will 
make the number of lines in a series as well as that of the series in¬ 
crease, as actually observed. 

Considering the high terms of a series, the departure levels of 
these will belong to the outer parts of the atom, subject to externa 




Fig. 210. Kossel’s diagram. 
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influence. The lines corresponding to such transitions will share with 
the lines of optical spectra properties which are not possessed by the 
lines arising from the deeper levels that are practically independent 
of external influence. 

X-ray energy level diagram. Like optical spectra X-ray spectra 
also can be conveniently interpreted in terms of energy levels, as 
shown in Fig. 211. 

Lines indicating tran¬ 
sitions between X-ray 
levels on such dia¬ 
grams are often drawn 
with an arrow-head at 
each end, to indicate 
that as an electron 
moves upward . the 
atom moves down¬ 
ward. Thus in the 
emission of K* line, an 
electron goes from the 
L to the K shell, while 
the atom drops from 

the higher K level to H ”ZTIlZZlZZlZllZZ 

the lower L level ; the ———»—---—_ Normal 

Kfc line arises from the 011 v 

transition of the atom ' g ' 2U ’ X ' ray energy level d,agram ‘ 

from the K to the M level ; the loss of energy in this case being grea- 
ter, the K B line is of higher frequency or shorter wavelength than 
the K fc line. The transition of the atom from K to the normal state 
representing capture of a free electron of negligible kinetic energy 
from outside the atom into the vacancy of the K shell, would cause 
the emission of the series limit of the K lines. In a similar way the 
lines belonging to L, M, N.series may occur. 

. y “ a y be that just above the normal level lies a whole 

set of optical levels connected with the emission of lines in the arc 

a . b0Ve th J S Set another belonging, like the X-ray levels, 

• 1 a ®nd associated with the spark spectrum in the 

visible and ultra-violet regions. Ordinary X-ray spectra, in a sense 
constitute an extension of the spark spectrum of higher levels of en- 

aW r rd tln i| fr °? an !? eCtr0nic vacanc y in the interior of the ionised 
atom rather than from the excitation of one of its outer electrons. 

fo„nH Q ih»? t il atiVe COnfirma * ion of Bohr’s theory. It has been 

ther ® V s even a fair quantitative agreement between 

with IS a . nd . the experimenta l findings in X-rfy spectra, chiefly 
law. f to two P° lnts . Vlz -, excitation potential and Moseley’s 

an X Sv lir Potential. The necessary condition-for the emission of 

shell h/tW ,’ Say 18 tha r a vacan °y must be created in the K 

canno/s^n ETt °u Tv ° f the two K electrons. This electron 
Ot Stop m the L shell because the latter is already full, nor in 
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any other full shell for the same reason ; it has to go to the outer in¬ 
complete shell or be removed completely from the atom. • This means 
that the energy involved in the ejection of the K electron must be 
greater than that corresponding to any of the completed shells, rough¬ 
ly equal to the energy required to ionise the atom with respect to the 
K electron. Since this energy is supplied by the excitation potential} 
it is readily understood why in the excitation of an X-ray line, the 
potential required must be greater than that which corresponds to the 
wavelength of the line, in fact, greater than that corresponds to 
any of the lines in a given series, as experimentally found. 

Considering, for example, an X-ray tube with molybdenum tar¬ 
get, it is experimentally found that the excitation potential for the K 
series is 20,000 volts, which we may regard, for reasons given above, 
as the ionisation potential of the molybdenum atom for the K elec¬ 
tron. Since this ionisation potential measures the binding energy of 
the K electron, the latter is equal to 20,000 volts. 

Now, according to Bohr’s theory, the binding energy of the 
electron in a hydrogen-like atom, t.e., consisting of a nucleus of charge 
Ze and a single electron, is given by 

V„ = 13*6 x —volts. 

n? 


Hence the excitation potential is directly proportional to the square 
of the atomic number, as observed experimentally. ' Since for the K 
electron n = J, and for molybdenum Z = 42, Vk = 13*6 X (42) 2 = 
23,980 volts, which agrees at least as regards the order of magnitude 
with the experimental value. The discrepancy of nearly 20% is due 
to the fact that the molybdenum atom containing 42 electrons is 
decidedly not hydrogen-like. 

Moseley's law. Taking Bohr’s expression for the frequency of a 
spectral line and putting E = Ze, we have 





where R, the Rydberg constant, is expressed in frequency units. 
Considering the simplest possible values n x — 1 , n% = 2, 

v = (3/4) R . Z 2 

Hence v oc Z 2 , as Moseley experimentally found. 

For the K a line of Cu, Moseley found the wavelength to be 
1*54 A°. Hence the frequency of that line is 




3 x 10 10 


= 1*95 x I0 18 . 


A 1*54 x 10" 8 

From Bohr’s relation*, substituting for R and Z, 

(R = 109,700 cm.' 1 — 109,700 x 3 x 10 10 in frequency units, Z = 29) 

v = (3/4) x 1*097 x 10 s x 3 x 10 1 ® x (29) 2 = 2*07 x 10 18 

The agreement is surprisingly good, which shows that the K 
series of the X-ray spectrum corresponds to the Lyman series of 
hydrogen. 
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Following the analogy, if we put n x — 2, and n 2 = 3, 

v = (5/36) R . Z 2 . 

For the L a line of platinum (Z = 78), Moseley found the wave¬ 
length to be 1*32 A°, which gives for its frequency 

3 x 10 10 




1*32 x 10-8 


= 2*27 x 1018 


V = 


From Bohr's relation, 

= (5/36) x 1*097 x 10 5 x 3 x 10 10 x (78) 2 = 2*78 x 10 1 * 

The agreement in this case is not quite so-good, which is due to 
the fact that there is a correction to be made for the so-called 
“screening effect”, i.e. t the effect on the nuclear charge duo to the 
presence of the electrons. Bohr’s theory is rigorously true only in the 
case of a single electron system. In Moseley’s relation v = a (Z — b) 2 , 
the correction for the screening effect makes its appearance in the 
constant b which he found to be equal to 1 for the K series and 7*4 for 
the L series. In the case of atoms where there are several electrons, 
the electric force acting on the electron which comes to fill the 
vacancy in the K. shell in the emission of a K line will not be Ze but 
(Z — l)e on account of the single electron still remaining in the K 
shell*. The L shell being only the second nearest to the nucleus, 
there will be greater number of electrons occupying the central shells 
tind, in couscfjucucG, t)i6 v&Iiig of b for tho L sGrics will incrG^SG £tnd 
the apparent nuclear charge will be stilt smaller than (Z — l)e. Apart 
from this screening effect, the agreement is sufficiently near to recog¬ 
nise the similarity between the L series of X-rays and the Balmer 
series of hydrogen, in the numerical example considered above. 

Moseley also found experimentally the value of the constant a 
appearing in his relation to be 82,303 cm' 1 for the K a line. Accord¬ 
ing to Bohr’s theory, for the corresponding line 

o = (3/4) R = (3/4) x 1-097 x 10* = 82,275 cm.' 1 , 
a striking agreement which is a further confirmation of Bohr’s theory. 

. Of the othbr peculiarities of the X-ray emission spectra, viz., 
the fine structure, the satellites and the Auger effect, the first one 

can be explained adequately only on the basis of the more perfect 

vector atom model while the other two can be interpreted fairly well 
with a slight modification of Bohr’s theory. Hence we shall consider 
here the theoretical explanations offered for the satellites and Auger 
effect, postponing the fine structure to a later section. 

tevn in v£>T S t ti ° n ° f } Ute , s * Wentzel, in 192l’ and Druyves- 

WiiW. 1 .® 27 -’ ^ Ve p ™P° sed a theory of satellites on the principle of 

Sami fi? n wT ° f ll tnner electrons - It is assumed that the ini- 
doiSiSirf I® °l K atom ’, which S ive rise to the satellites, are 
atomic otatl d ' Such -l 1 ? 4 ® 8 .’ call . ed . tho KK > KL, KM, LL, LM, etc. 
instance inP 0881 ^ 6 ’ 131006 it is experimentally found that, for 
found to be eni ai 0 ? 8 .!?^.^ 6 ^ satellites, the excitation energy is 
tionan I electrn 0 that required to eject a K electron and in addi- 
n L electron. Now an atom in that doubly ionised “KL state” 


608 


PHYSICS OP THE ATOM 

* 


may undergo a radiative transition into any one of a number of other 
possible states of double ionisation : e.g., KL —> KM (an electron falling 
from the M shell into the L shell), or KL —»* LL (an electron falling . 
from the L into the K shell). Estimates of atomic energy indicate 
that the loss of energy in KL —> LL transition should be slightly 
greater than that in the normal transition IC —> L which gives rise to 
the K lines ; hence, the former transition should give rise to satellites 
close to and on the short wavelength side of the K* lines. In a simi- ' 
lar manner, the transition KL —> LM should give rise to satellites 
on the short wavelength side of the Kg lines. Moreover, the vacan¬ 
cies may have different quantum characteristics (different l values) 
corresponding to the various sub-shells. Thus we may explain the 
■multiplicity ol the observed satellite structure. 

Some satellites are believed to originate in transitions between 
states of triply ionised atoms ; these constitute satellites of second and 
higher orders . Representation of the second or higher order lines in 
X-ray spectra by energy-level diagrams is extremely difficult and has 
not been achieved so far. 


As far as it has been possible to make theoretical calculations, 
the predictions of wave mlechanics lend support to this explanation 
for the origin of satellites. ’ It must be noted, however, that the theo¬ 
ry has hardly advanced beyond the qualitative stage and hence it is 
possible that at legist some of the satellite lines originate due to some 
other atomic process also. 


Explanation of Auger effect. When a K photoelectron is 
ejected from an atom, the vacancy in the K shell may be filled by 
one of the L electrons ; the energy thus set free may be transformed 
into, a light quantum and the K a line emitted. But it is not neces¬ 
sary that this should happen. Instead, the quantum of energy cor¬ 
responding to the K fc line may be absorbed or converted by the L 
shell of the atom into energy necessary for the ejection of an L 
electron plus the kinetic energy of that electron. In such a case, 
two electrons are expelled simultaneously from the same atom in a 
single elementary action which may be termed auto -ionisation or non- 
radiative transition for obvious reasons. One of the electrons is the 
normal K photoelectron and the other is the Auger electron from the 
L shell. 

If the kinetic energy of the Auger electron is neglecting 

relativity corrections, 


1 

2 


mv* = hv * - (Wl - W L ) 


...( 1 ) 


where is the energy corresponding to the K* line, Wi/ is the 
energy of the atom with two L electrons missing, Wl is the energy 
of the atom in the L shell, so that (Wl' — Wl) is the work required 
to remove the second L electron. 

Now, Av a = W K — Wl *** 

1 - - — - — ...(3) 


mv* = Wv — W.' = W, 


2W l 
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if we assume that t he energy to remove the second L electron is 
nearly the same as that required to remove the first. This relation 

(3) shows that the energy of the Auger electron is independent of the 
wavelength of the incident X-rays. 

It is also possible that the quantum corresponding to the IC^ 
line may eject an electron from the M shell, leaving the L shell un¬ 
disturbed. In such a case energy of the Auger electron would be 

V* mv2 = — ( W LM — W L ) = W K — W LM ...(4) 

where W LM is the energy of the atom with one electron missing in 
the L shell and another in the M shell. 

If we follow the process represented by relation (3) a step fur- 

ther, it may happen that the two vacancies produced in the L shell 

are filled by the transfer of two M electrons, and that the quanta 

thus liberated are absorbed in the M shell, producing two more Auger 

electrons from the same atom. These are called secondary Au«er 

electrons whose energies will be less than that of the primary Auger 

electron. Auger observed such secondary electrons from Br,, and 

gases of higher atomic number. In these heavy gases, even tertiary 

Auger eiectrons, ejected from the N shells by radiation resulting from 

e filling of vacancies in M shells, were occasionally observed The 

analysis of the directions of ejection of these tertiarics establishes the 

. ependence of the direction of the Auger electron from that of the 
primary photoelectron. 

The Auger effect implies that an atom in a state of single ioni- 
sat,on may automatically become doubly ionised. Hence it'"offers L 
means of studying the intensity of the satellite lines which originate 
from transitions between states of double ionisation in the atom £ 
a matter of fact, it has been possible to explain the anomaly met with 
satellites in connection with their variation of intensity with atomic 
numbers on the basis of the Auger effect. ^ mic 

The ,j effect has been use<1 also in the analysis M the ftuorr 
scence yield of X-ravs in the diffipr^n* O u fl n 0 *n wejiuore- 

4 . * . , U1C Q1I i^rent shells of a number of elements 

of different atomic numbers. It is evident that the greater th<£nm 

ber of non-radiative Auger transitions in an element the less win b^ 
the yield of fluorescent radiations from it. b 

struct^reof^th^atom^frfi^f rend , ers th,J discontinuous shell 
biructure ol the atomic edifice almost directly nercentihb, a .nH 

gives, by comparison of the tracks of the elnet™ i 1 . 

mate of the respective energies of the shells. Produced, an esti- 

The Auger effect seems to fit in well with ti>o *1 r • 

and Rosseland who were able to establish the n. 1 t eor ^ 0 
turn induction” which allows nonJi?.*- . existence of a “quan- 

direct conversion of excitation energy into , ranaforinatlons "’ ith the 
to collisions of the second kind. ^ * metlc ene rgy. analogous 

Auger typ/ j.lav trans . itlon processes of the 

phenomena in such dfver.se fields as* X*^ 1 ^ 0 ' D the intcr P r etation of 
39 u,verse nelds as X-ray spectra, internal conver- 
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sion of Y-ra3 7S t internal pair production, atomic and molecular spectra 
and the capture of mesons by nuclei. 

C. X-RAY ABSORPTION SPECTRA 

The study of tlje absorption of X-rays of different wavelengths 
in different elements has shown that the X-rav phenomena are 
atomic in character and that the atom has a discontinuous structure 

endowed with discrete energy levels, in beautiful confirmation of the 
Bohr atom model. 

Experimental study. Investigation of the absorption spectra 
of X-rays has been made with the X-ray crystal spectrometer both by 
the ionisation chamber method and by the photographic method. For 
a particular setting of the crystal and for a monochromatic beam of 
a definite wavelength A given by Bragg’s law nX = 2d sin 6, the ioni¬ 
sation current is measured, first without the absorber, and then with 
t he absorber of known density p and thickness x, placed in the path 
of the beam either before or after the crystal. These measurements 
give the quantities I 0 and I in the relation 

I==I 0 e“Wp)p* 

from which the mass absorption coefficient p/p may be computed. By 
a careful choice of the excitation potential the second order reflec¬ 
tions can be eliminated and thus it is possible to obtain values of /*/p 
for different wavelengths. In the photographic method, the blacken¬ 
ing on the plate is a measure of the intensity to be measured. The 
variation of pjp for different substances can be determined by using 
them as absorbers for the same monochromatic beam. 


If the values of u/p in a given absorber , say Pb, be plotted 
against the wavelength A for a range, say 0*1 to 1 '2 A 0 , a complicated 

curve is obtained as shown in 



Fig. 212. V jiriation of absorption 
coefficient with wavelength. 


Fig. 212. Beginning at a 
•point m, m/p increases rapid¬ 
ly with increasing A until the 
point a is readied, at which 
the value of pjp suddenly 
drops to a '. With further in¬ 
crease in wavelength, how¬ 
ever, ^Ip again increases rapi¬ 
dly until a point b is reached 
at which there occur three 
consecutive drops at close 
range, b to b f , c to c f and d to 
d\ With still longer wave¬ 
lengths the value of p/p a S aJ ^ 
increases rapidly. These sud¬ 
den drops in the absorption 
curve are known as crtticfi' 
absorption limits or cri ^/Sf l 
absorption wavelengths. Tis 
first drop (aa*) occurs a 
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X —: O'14° which is just smaller than the shortest wavelength of the 
K lines in the emission spectrum of the substance. The next three 
consecutive drops (66', cc' and dd‘) occur at A = 0*78, 0*813, 0*95 A°, 
eacli of them just shorter than the shortest wavelength in each of the 
three sub-groups of the L emission spectrum. The first discontinuity 
is the K absorption limit , while the next three are the L absorption 
limits . If the absorption curve could be followed beyond e, it will be 
found that in the region of 3*2 and 5A°, a group of five **breaks” 
occurs representing the five M absorption limits and still further at 
about A = 14 A°, a group of seven N limits. The sharp discontinui¬ 
ties at certain well-defined wavelengths indicate that at each of these 

wavelengths a new absorption phenomenon occurs, characterised by 
the appearance of a new spectral series. 

The shape of the absorption curve between the various discon¬ 
tinuities is such as could be approximately represented by the rela¬ 
tion : pip = CA S + cr/p, where C is a constant which assumes diffe¬ 
rent values along the various branches of the curve and c/p the scat¬ 
tering coefficient which, if assumed constant, t.e., independent of the 
wavelength, according to the classical theory, shows that the true 
photoelectric absorption coefficient t/p varies" as A 3 . The general 
trend of the curve shows that absorption diminishes rapidly as A de¬ 
creases, which expresses the well-known fact that X-rays become 
m ' ijM frustrating and less absorbed as their wavelength decreases. 

If A he kept constant and Z the atomic number varied by using diff¬ 
erent absorbers , the law governing the absorption of X-rays by differ¬ 
ent substances can be studied. When pjp is plotted against Zfrom ex¬ 
perimental data, curves very similar to those of p/ 9 vs. A are obtain¬ 
ed, which at once indicates that p/p must be approximately symme- 

nca) both in Zand A. The discontinuities occur at longer wavelengThs 

uie lower the atomic number of the absorber. ° 

The shape of the curve between the discontinuities for reasons 

8 ‘ Ve " S2T e ; m , ay bs represented approximately by the relation 
M,P _ iVZ + 4, where K is a constant which remains fixed along 

Hfl’r.tT 0 ’* u Ut suddenly chan S es in value at the discontinuities. 

1 °. fL I.. wy, | , | ^ ^ I i I 11 means 

t at / unionts of higher atomic number absorb X-rays of a given 

wavelength to a very much greater extent than those of the fower 
atomic number, except at the discontinuities. 

Pierr<^^ )n | i'i 18S8var ' 0U3 experimental absorption data, Bragg and 
1 ierce deduced the relation'- — p/ia3 i o 

1 ierce law, t, being the atomic absorption coefficient. 

Rtat« 5 ^ n °t®d that, in contrast with the apparently chaotic 

2, regard t0 . the absor Ption of radiation in the optical 

absorption of d X a .ra°yT arat ' Ve S1,npllclty ln the cm P irical laws of the 

In tlie^fir^ t *t >na ^ i* e | C , Ubar 'f' eS of the X-ray absorption spectra. 

there p i ace > unlilte, in the optical region, in the X-ray region 

is no selective absorption of spectral lines. Instead of single lines 
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of absorption which are exact reversals of particular emission lines, as 
found in optical spectra, we have here critical absorption discontinui¬ 
ties, hence absorption bands with definite edges, the absorption co¬ 
efficient in regions of wavelengths shorter than that of the disconti¬ 
nuity being a monotonic function of wavelength with no unusual 
features. 

Secondly, like the emission spectra, the absorption spectra of 
X-rays, when not considered in great detail, are independent of chew t- 
cal combination. The mass absorption coefficient of an element, for 
X-rays of & given wavelength, has been found, in the early experi¬ 
ments, to be approximately the same whether the element is in com¬ 
bination with other elements or not, which is consonant with the ato¬ 
mic nature of X-ray absorption. More recent researches by Beren- 
gren and Lindh, however, appear to show that chemical combination 
has an influence on the absorption of X-rays, chiefly in the case of 
light elements, and in particular for sulphur, phosphorus and chlorine. 
The position of the absorption discontinuities has been shown to vary 
by some ID to 15 X,U. according to the chemical compound used to 
absorb the rays, the shift being towards shorter wavelengths and the 
amount of displacement greater, the larger the valency of the 
compound. 

Finally, it has been found that fringes appear in the immediate 
neighbourhood of the absorption discontinuities on the short wavelength 
side . They have a structure more or less complex a.nd the absorption 
edges show a finite width , when observed with a high resolving power 
instrument. Stenstroem was the first to discover them which were 
later confirmed by Hertz, Fricke, De Broglie and others. They mani¬ 
fest themselves chiefly with elements whose energy levels are relative¬ 
ly weak. 

Any correct theoretical interpretation of the phenomenon of X- 
ray absorption must be able to account for these peculiarities also. 

Theoretical explanation. Absorption, in general, is the re¬ 
verse of emission. Hence, just as a photon of K* radiation is emitted 
when an electron drops from an L shell into the K shell, so also it 
should be possible in the reverse process for a photon of this fre¬ 
quency to be absorbed by the atom while one of the K electrons goes 
up into an L shell, provided, of course, there is a vacancy in the L 
shell into which it can go. But in any atom with atomic number 
greater than ten, the L shell normally contains as many electrons as 
can get into it. In such cases, the K electron cannot occupy the 
next outer shell, but, in general, may have to leave the atom com¬ 
pletely. Hence it is that the K tt lines are not actually observed as 
single absorption lines, i.e., exact reversals of particular emission lines, 
unlike the selective absorption of spectral lines in the optical region. 

If in the incident beam there is a photon which has enough 
energy to remove one of the electrons in the inner complete shells 
from the atom entirely, that photon is absorbed, its energy being 
spent in the ionisation of the atom with respect to that particular 
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electron that has been ejected. This process of complete removal of 
an electron from the atom is the photoelectric effect. If tho incident 
photon has more energy than required to extract the electron, the 
extra amount may be communicated to the ejected electron in the 
form of kinetic energy. As a result oi this process, the incident beam 
will lose a photon which means that it will diminish in intensity by a 
true absorption phenomenon. This absorption is also called fluore¬ 
scent absorption, since the energy thus absorbed reappears under the 
form of a fluorescent radiation at the moment of the electronic re¬ 
organisation in the atom, which follow's the ionisation of the atom, 
conformably to the ideas of Bohr. 

If Wk represents the energy required to remove a K electron 
from the atom, then the photon of frequency v can eject a K electron, 
provided v is equal to or greater than vk where &v K = W K . The ex¬ 
planation of the absorption curve with its discontinuities now be¬ 
comes clear. If the wavelength is progressively increased, which is 
the same as decreasing the frequency v from a high value, at a fre¬ 
quency v = v K > the absorption suddenly drops, i.e., absorption in the 
K shell ceases. The curve representing the absorption coefficient 
plotted against wavelength, will therefore show a sudden drop to¬ 
wards the side of longer wavelength at A = A K ( — c/v K ), the K 
absorption limit. As the wavelength is further increased, similar dis¬ 
continuities will occur every time the value of A just equals that re¬ 
quired for the ejection of an electron from the three sub-groups of 
the L shell, the five sub-groups of the M shell, etc. Since the energy 
W K required to remove the K electron completely from the atom is 
somewffiat greater than the energy change involved in the production 
of the emission lines of the K series when the atom undergoes transi- 
tions between its K state and the other quantum states such as L, M, 
etc., it is to be expected that the critical absorption wavelength will 

be just shorter than that of any of the lines in a given series, as is 
actually found. 

As the frequency of each absorption limit is a measure of the 
energy required to remove an electron from tho corresponding X-ray 
level to the periphery of the atom, the difference in the frequency of 
two absorption limits gives the frequency difference between the two 
X-ray levels involved, and by Bohr’s frequency condition also the 
requency of tho resulting emission line. Thus, from data of X-rav 

I’v * | L. , • V of X-ray atomic levels can be 

>ui t up which serves to represent a wide range of facts in a compact 

f/ 1 } ! .£ ar * orm ‘ ^ * 3 *° noted that the absorption limits represent 
the different, effective electronic shells in the atom ; tho number of 

t h oriner gives tho number of the latter and the frequencies of the 
former are a measure of the energies of the latter, which thus brings 
out the discontinuous structure of the atom with discrete energy 
states as well as tho atomic character of X-ray phenomena. 

... »T he ™J luenc 1 e °f comical combimtion on the absorption spectra 
as welt as the existence of fringes in the neighbourhood of the disconti- 

es s ow, lowever, that there are exceptions to the general inter- 


614 


PHYSICS OF THE ATOM 


°P^ ca ^ re gi° n the effect of chemical 

nTirl l and h , e re , versal of emission lines prove that the electro- 
i i_ transitions involved refer to the peripheral levels of feeble energy. 

howivp? d y a r ff + ? Ct ? d by extemai influence, that are involved. If, 

sav 7f !’ 01 | 1G the „ lovels > even in this case, is sufficiently superficial, 

of fPBhi 11 e ectron from the K shell jumps to one of the outer shells 

r^lptnKr e * en f r ?^*’ COnt , ainin S man y vacant spaces, without being com- 
E * e y ejected from the atom, it becomes evident how the K absorp- 

i „ e a e< ^ e ^ by the chemical state of the absorber and also 

™nV -? rpti c U ! nes Can occur in the neighbourhood of the K dis- 

rnl Jh Ul ^ UC - 1 a state of affairs is simply a prolongation of opti¬ 
cal phenomenon in the X-ray region . J * 


This explanation was first suggested by Kossel, In certain 
cases, however, the fringes extend too far from thG head of the ab- 
^ rp ion iscontinuity to be satisfactorily accounted for by the 
f i °' e ’ s a ed lino of reasoning. Hence, some authors have suggested 
sue ringes would correspond to multiple ionisation of the 
a om, a given quantum of primary radiation ejects, for instance, 
no on } a Iv electron but also an M electron at the same time, to 
sorrn, superficial levels, similar to the meclianism of production of the 
satellite lines in the emission spectra ( cf . p. 607). 


. ^ ave mechanical considerations have led' to better results* 
i i an electron removed from an inner shell, the residual ion will be 
surrounded by a field, duo to the nucleus and the remaining electrons, 
an ^nl approximate to a hydrogen nucleus. For an electron 
moving in such a field, there will exist a discrete set of quantum 
states, with associated wave functions. The field @an be considered 
as tie extension outside the atom of the equivalent central field that 
is introduced in the zero-order stage of perturbation theory. The 
electrons remaining in the atom can be regarded as occupying the 
innermost quantum states in this field, leaving all the rest of them 
unoccupied. It should, therefore, be possible for the electron which 
is removed from an inner shell, instead of proceeding to an indefinite 
distance, to stop in one of these unoccupied outer states. According 
to this theory, we are led to expect that, instead of a single atomic 
level, such as the IC shell, there would be closely spaced sequence of 
energy levels. The uppermost of these represents removal of the elec¬ 
tron into a state of rest at infinity and is thus a level belonging to 
the ionised atom. The frequency corresponding to such removal from 
the K shell gives the K absorption limit. The lower-lying levels, 
corresponding to states in which the electron removed from the K 
shell remains attached to the atom in one of the outer unoccupied 
quantum levels, belong to the neutral atom, and are sometimes call¬ 
ed resonance levels. Hence, a graph of the absorption coefficient 
should show, over and above the K absorption edge, a series of ab¬ 
sorption lines on the long wavelength side, each arising from atomic 
transitions into one of those lower lying atomic levels of the neutral 
atom. The absorption edge would constitute the series limit for these 
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lines. The lines should be very closely spaced, since the energy 
differences between the levels should be of the samo order of. magni¬ 
tude as the differences between the ordinary optical levels. 



THE SOMMERFELD RELATIVISTIC ATOM MODEL 

Bohr’s 

cesses, was found inadequate to 
trum o 
vation 
resol vi] 


simple theory of circular orbits, in 

explain certain 
rogen. Close obser- 
with instruments of high 
ig . power had already 
shown that the individual spec- f 

tral lines were not really single 1i 

but consisted of several very fine |?| 

lines packed together, which were jgj 

called the “fine structure”. For jim 

instance, the H<* line of the Bal- 


Prof. A. Sonimerfeld 


Sonimerfeld, in 1915, guided by the above suggestion, modified 

Bohr s theory, to make it fit with the additional experimental data, 

by introducing the ideas of motion of the electron in elliptical orbits 
and of the consequent relativistic variation of the mass of the elec¬ 
tron The Bohr atom thus improved upon, is known as the relativis- 

folloivs” m ° de ’ the mam featuree of which may be briefly stated as 

Elliptical orbits. Sonimerfeld argued that, since the electron 
is moving around and under the influence of a massive nucleus, like a 

planet round the central massive sun, it 
might describe elliptical orbits as well. 
Considering therefore the electron ( —- e) 

moving in an elliptical orbit, its position 

at any instant can be fixed in terras of 
polar coordinates r and <p, where r is the 
radius vector, t.e., the distance of the elec¬ 
tron from the nucleus ( + E) atone of the 
oci of the ellipse and the vectorial 
angle, t.e., the angle which the radius vcc- 
tor makes with the major axis of the 
ellipse (Fig. 213). The tangential velocity 
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v of the electron at the instant considered can be resolved into two 

components, one radial , i.e, y along the radius vector equal to dr/dt 

and the other transverse , i.e. y at the right angles to the radius vector 

equal to r{dyjdt). Corresponding to these two components we have a 

radial momentum p T equal to m (dr/dt) and an angular or azimuthal 

momentum p 9 equal to mr 2 (d(p/dt), where m is the mass of the elec¬ 
tron. 


Sommerfeld assumed that, since the elliptical orbits should 
satisfy the quantum, conditions just as the circular orbits, the circle 
being only a special case of the ellipse, to each of these two momenta 
the phase integral of the quantum theory might be applied, so that 



n r . h and 




* * * 



Thus two new quantum numbers n T and n? have appeared replacing 
the single one n of Bohr’s theory. The three quantum numbers are 
related by the equation : 

n -— 71 f “|™ iifp (^) 

where n is called the total quantum number and is identical with the 
quantum number of Bohr’s circular orbit, n r the radial quantum num¬ 
ber and n 9 the angular or azimuthal quantum number. 


The total energy W of the system is partly potential and partly 
kinetic, the latter being further subdivided into radial and angular. 
Hence 


W = P.E. + radial K.E. + angular K.E. 

--T +*«(£)■+ *-($)' 

Erom these three fundamental equations which define the motion of 
the electron in the elliptical orbit satisfying the quantum conditions, 
it can be shown that 


b 2 n 9 2 



where e is the eccentricity of the ellipse whose semi-major and senn 
minor axes are a and b respectively 


and 



27i %E 2 e ! 

“P- 




From equation (4) we get 



$ n 9 

n 9 + n r 


n 9 

n 


4 
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This shows that for a given value ol 1 he total quantum number there 
can be only a limited number of elliptical orbits that are permitted, 
having the same value for the major axis 
but different eccentricities. Further n 9 
cannot be zero, since the ellipse would 
then degenerate into a straight line pass¬ 
ing through the nucleus. Also cannot 
be greater than », since b is always less 
than a. When n 9 is equal to n f the path 
becomes circular, since then b = a and 
the eccentricity e is equal to zero. Hence 
for a given value of n, n 9 can assume 
only n different values, which means 
there can be only n elliptical orbits of different eccentricities, the or¬ 
bits becoming less eccentric the higher the value of n 9 , until finally 
circular with zero eccentricity when 7 * 9 — 71 . For instance, when 
n = 4, four different ellipses are permitted, usually designated by 4 t , 
4 2 , 4 a , 4 4 , of which the last one is evidently a circle. It may be noted 
that the orbits need not be concentric : it is enough that they are 
confocal, as shown in Fig. 214 ; nor is it necessary that they should 
be in the same plane or have a common major axis. 

Equation (5) which gives the total energy of an elliptical orbit 
defined by the quantum numbers n, n? end n Ty viz . 



yj _ 27T 2 7nE*e a / 1 \ 2 2rc 2 mE 2 e 2 

h* + n r ) h 2 n 2 

shows (t) that the energy is the same for all the ellipses having the 
same total quantum number, t.e., elliptical orbits which have the 
same value for n, though of different eccentricities, have the same en¬ 
ergy and hence are indistinguishable from this point of view, e.g the 
-orbits 4 4 , 4 a , 4 2 , 4 X have all the same energy ; 

(it) that all orbits having the same value of the semi-major axis 
•a possess the same energy, since the length for the semi-major axis is 
•determined solely by the total quantum number n ( = n 9 + n r ). 
Henco also the energy of any of these permitted elliptical orbits is 
identical with that of a circular Bohr orbit, whose radius is equal to 
the semi-major axis of the ellipse. This, in turn, means that the 
theory of elliptical orbits, in spito of the two new quantising condi¬ 
tions involved introduces no new energy levels other than those given 
by Bohr's theory of circular orbits. No new spectral lines, which 
would explain the fine structure, are therefore predicted. The ex¬ 
tension to elliptical orbits is not, however, without effect, since it-^ 
-enabled Sommerfeld to proceed further and find a solution to the pro¬ 
blem of the fine structure of spectral lines on the basis of the varia¬ 
tion of the mass of the electron with velocity. 

Relativistic variation of electronic mass. The velocity of 
the electron moving in an elliptical orbit varies considerably at dif¬ 
ferent parts of the orbit, being p. maximum when the electron is 
nearest to the nucleus. According to the theory of relativity, this 
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variation of velocity means variation of the mass of the electron. 
Although this relativistic effect becomes appreciable only at very 
ng i velocities, yet it is sufficient, in the present case, to make the 

* * * /* a more eccentric orbit greater than in a less 

eccentric one, even if the major axis remains unchanged. 

W hen allowance is made for the relat ivistic variation of elcctro- 
mc mass, as Sommerfeld did, the path of the electron is found to be 

no longer a simple ellipse ; it is, in- 
^ deed, no longer a closed figure, but 

Vx N ^ transformed into a complicated 

\ curve, known as a rosette (Fig. 215)— 

/ \ a precessing ellipse . As the electron 

traverses the elliptical path, the 
major axis revolves slowly in the 
plane of the ellipse with a constant 
angular velocity around the nucleus 
situated at the focus of the ellipse. 
Such an orbit is doubly periodic : be¬ 
sides the original period of revolution 
there is also the period of the preces- 
sional motion. The total energy W of 
the system, corrected for the relati¬ 
vistic variation of the mass of the 



Fig. 215. 


electron, can be shown to be 



27i 2 mE 2 e 2 

A 2 




4~ 2 E 2 e 2 

" c 2 A 2 




This expression is only approximate as it is limited to the first two 
terms of an expansion in series, but the other terms are unimportant. 
It differs from the previous relation for W (eqn. 5) in that it contains 
an additional term representing the effect of the reiativity correction, 
viz. 


where 


2t r 2 me 4 Z >J a 2 / n . 3 \ 
h 2 w 4 4 j 


E — Ze and a = 


2ne 2 

ch 



This shows that energy depends not simply on the total quantum 
number n , but also upon the azimuthal quantum number n<p, on 
account of the presence of the ratio n/n 9 . For a given total quantum 
number n , different energies are obtained for the different orbits cor¬ 
responding to the different values of %<p. 

The correction term (eqn. 7) is a very small quantity as it in 
volves a 2 , whose value, readily estimated from the known values 0 €, 
c and h is found to be only 5*3 x 10 ~ 5 -- a is called th e fine struc ure 

constant and is equal to 7*28 x 10" 3 . 

The relativity correction, therefore, results in splitting up & 
given energy level W n into n levels differing slightly from one ano ^ e 
in energy. This splitting up of each energy level naturally gives 11 s 
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to a fine structure of single spectral lines, on application of the usual 
Bohr’s frequency condition. A final important remark must be made 
in connection with the explanation of the fine structure, viz. not all 
the theoretically possible transitions of the electron from one ellipti¬ 
cal orbit to another actually occur. According to a principle known 
as the selection rule, of.which wo shall speak more in detail later, 
transitions can take place only between orbits for which the azimu¬ 
thal quantum number changes by + 1 or — 1, t.e., A n 9 — i 1. 


Application to the fine structure of the H* line. Lot us 

now see how the theory proposed can be applied to interpret the line 
structure of the H* lino. This line, being the first in the Baliner 
series corresponds to the change in the total quantum number : 
n 2 = 3 to n l = 2. Since there are three permitted orbits of the for¬ 
mer, viz., 3 3 , 3 2 and 3i and tnVo of the latter, viz., 2 2 and 2j six 
different transitions are theoretically possible : 


3 


2-2> 3 3 2 P 3 2 —> 2 2 , 3 S 2p 3j —> 2 2 , 3 t —> 2 t 


To compute the frequency corresponding to any one of these 


transitions, it is convenient to determine first the value o:- a constant, 
known as the hydrogen doublet constant which is simply the difference 
in energy between the two orbits 2 2 and 2p expressed in wave num¬ 
ber units. Taking the relation for W corrected for relativity, we may 
express it as 



where Wis the energy corresponding to an orbit of total quan¬ 
tum number ‘n* and azimuthal quantum number *n ? ’ and 
R = 2n 2 me i j ck 3 . Using the above expression, 


energy of the 2 2 orbit, W 2t 2 = — RZ 2 c k 




.. 2, „ „ W 2>1 = - RZ 2 cA j I + 

The energy difference between the orbits 2 2 and 2 L 



m 


_ RZ*a 2 c A 
- 2 * 

Putting AW = W s , 2 , and Z = 1, the corresponding fre¬ 

quency Av = AW/A and expressed in wave number emits, 

A^ = A v/c = AW/cA = Ra 3 /16. 

This quantity Ra 2 /16 is the hydrogen doublet constant which wo 
shall use as a unit in the sequel, representing it by *«./”. Its numeri¬ 
cal value can bo readily calculated, substituting the values of 
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R = 109,700 cm .- 1 and a 2 = 5 3 x 10' 5 , and is found to be 
0*364 cm." 1 . 


Again, expressing the general relation for energy as 




RZ 2 cA 


RZVcA / » 


n 2 n 4 \ W 9 4 f 

we see that the^rs^ term on the right-hand side represents the un 
corrected energy while the second gives the relativity correction. Re¬ 
placing Z by 1 and expressing the energy in wave number units, we 
get: 



■yy Rtt 2 / / ft 3 \ 

n n 4 \ n<p 4 / 


where W n corresponds to the uncorrected energy. From this relation, 
we readily obtain the energies of the five different orbits involved in 
the present oase :— 



lGd / 3 
3 4 \~3 
/ 3 
[ *2 
led f 3 

3 4 \T 




Now, the wave number of the single transition to be expected, 

if there were no splitting due to relativity correction, is given by 

W 3 — W 2 . Representing it by v and the wave numbers of the six 
different possible transitions by v 0 , v& v £ , v rf , v* and v/, 
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Applying the selection rule, viz., only those transitions for 
which An ? = ± l^are allowed, (3 3 -> 2 1 ) > (3 2 -► 2») and (3 t -> 2^ arc 

forbidden, so that v b , v c and v, will not be observed. Hence accord¬ 
ing to the theory, the fine structure of H* line should consist only of 
three lines, whose wave numbers are : — 




4 / 

while the 
by dotted 


Energy level diagram , The above result may be represented by 
the usual energy level diagram as follows : On the vertical energy 

scale the positions of W 3 and 

W 2 are arbitrarily chosen 
(Fig. 216). The horizontal 
lines representing the different 
energy levels can be drawn by 
taking an arbitrary scale for d 
and calculating the correction 
factors in terms of d. The 
transitions allowed by the 
selection rule are shown by 
continuous lines, 
forbidden ones 
lines. 


of theory 
data . Ex- 
of the 



Comparison 
with experimental 
perimentally the 

Balmer series appear as very close doublets and the microphotometer 
record taken by Kent, Taylor and Pearson give the doublet separa¬ 
tion for Ha as 0*318 cm. -1 * More accurate measurements by G. 
Hansen who used specially prepared Lummer-Gehrcke plates for re¬ 
solution g^ve the following values for the doublet separation of the 
lines of the Balmer series : 

H ct Hp H v H 

*316 *317 


H r 

*328 


H 


8 

322 *324 cm.- 1 

Direct observation is rendered difficult on account of the blurred 
character of the H lines, which is due to several causes, such as the 
heat motion of the emitting H atom with the resulting Doppler effect, 
ark effect, etc. But there is an indirect method of observation, 
i J ^ aschen, which enables the doublet separation to be 

Re structure of the lines of the singly ionised heli- 

its mass Winof^'!' muc h sharper lines on account of the fact that, 

° our xmes as great as hydrogen, the Doppler effect is 
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less and its nuclear charge being twice as great, the Stark effect is 
also less. The origin of the observed doublet separation is readily 
understood on the basis of the theory proposed : — 


The separation between v 0 and 


V v = 


and = 


= 


292 

324 

128 

324 

420 

324 


Hence the components v a and v, being very close together are not 

easily resolved in practice. Thus only a doublet separation of and 

v u ( ) could be observed. The theoretical value of the separation 

between v a and agrees pretty well with the experimental value. 
Further, since the relativity correction term is proportional to l In*, 
the component levels lor n = 4 will he crowded more closely than 
those for n = 3. Since Hr originates in transitions from n = 4 to 
n — 2 the expected doublet separation for Hg should be greater than 
for Hot ; the separation for H y should be still greater. The slight in¬ 
crease in value of the separation with higher members is also confirm¬ 
ed, at least qualitatively, by experimental data. 

Though Sominerfeld’s theory is thus fairly well verified, yet it 
leads only to three components for the fine structure of H* line, while 
there should be really five, as we shall see. The relativistic atom mo¬ 
del, therefore, has met with a partial success alone, not through any 
fault of the selection rule chosen, but due to the omission of a new 
factor in the problem, viz., the spin of the electron, which the nex 
atom model will incorporate and thereby account for all the five com¬ 
ponents. It must be said that Sommerfeld’s theory, in spite . * 8 

limited success, was a further progress, in the right direction, in e 
understanding of the origin of the complex structure of spectral lines* 
in so far as it introduced new quantum numbers and a selection ru e 
that represent more adequately the actually observed facts 
Bohr’s theory. It has the additional merit of being one of t e r 
cases in which the theory of relativity was applied to the microscop 

atomic state. . . , q 

The following points are worthy of note in connection with sou - 

merfeld’s theory - pc 

(a) Evaluation of the universal constants e, m and * from sp* 

troscopic data. Utilising the Bohr-Sommerfeld theories it is possiD , 

starting from spectroscopic measurements, to work back an 

mine the numerical values of the above-mentionexl impor a 

stants. The calculation is all the more interesting because mrej 

years wavelength measurements have reached a verj ng P , 

and hence the values of the constants can be fixed wi grea 

llCSS* i » i L ^ 

The first step in the calculation is to evaluate ejm using th 

lation elm = . e /M H is the Faraday, known from electrolysis ; 

1 wi/Mh 
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R 


H 


R 


H 


n! Mh is obtained from the expression : mj M H = t> lt n , 

“ /4 K He 

where Rh,- and Rh are known from the analysis of the respective 


spectra. 

Next, the electronic charge e is found as follows : 


a = 


2tt^ 

ch 


(fine structure constant) 


^ 2x 2 me i _ T1 

K x = ——— (Rydberg constant) 


c 


h 2 


a 3 /R 


SttV 


c/t 3 


oc 


X 


2tt 2 /«c 4 


« 

* * 


c = 


47rc(e/m) 

C 2 

a 3 c 2 

4~Rqo (elm) 


In this relation e/m is already determined ; a 3 can be obtained 
from the expression for the hydrogen doublet constant d == Rcc 2 /16 
= 0*364, where R stands for R H ; R x is also got using the relation 

"H Ti r i I / t im r i \ a • a _ P 


Rh = R-* { 1 / (1 + wi/M h ) } ; c 2 is known, c being the velocity of 


light (3 x 10 10 cm./sec.). 

Knowing ejm and e, m is also found. 

To find h , the relation a = 2ire 2 / cA is used ;* h = 2?rc 2 / ca. 
From the known values of a, c and e, h is evaluated. 

(h) Spectroscopic confirmation of the theory of relativity. Accord¬ 
ing to the theory of relativity, adequately represented by 


m 


m o /V 1 — P 2 = »»o (! + 1 U P 2 +.), 


the value of the hydrogen doublet constant is found to be 0-364 

era. *. The older “absolute” theory, assuming that space was abso- 

lute and that the electron was spherical in shape, led to a different 
relation : 


\ 


m — 


m 


o 

2 


i + 


-■) 


4 p 2 V 2p 

= wi 0 (1 2 / 5 ps .) 

Using this, it can be shown that the value of the hydrogen 
doublet constant is only 4/5 . (Ra 2 /2<) = 4/5 x 0-364 = 0 29 cm% 

fr ™ ^ C ’ V ° Ver ’ 18 ,nc o m patib]e with Paschen’s result obtained 

thl! rr t e “u t8 l He+ Hn0S - The 8ame may be said of the 

th r one d ! ln +u e X ‘ ra i y region - Takin g the results all toge- 

^ draw . the c0nclusi011 that the “absolute” theory comes 

8 P° Ctr0 ^P 10 ^ ata Whicl ‘> on the other hand, offer an 
indirect confirmation of the theory of relativity. 
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THE VECTOR ATOM MODEL 

Introduction. The vector atom model is an extension of tho 
Rutherford-Bohr-Sommerfeld atom model (described in tho preceding 
sections) on new lines, devised to cover new fields of* experimental re* 
search. W e have seen that Bohr s theory could solve the spectro- 
scopic problem of only the simplest atom, hydrogen or hydrogen-like. 
In the case of atoms having a system of 30, 40 or even more (up to 92) 
electrons whirling round the nucleus, it seems impossible to calculate 
the energy of the system and from this the frequency of the radiation 
emitted in the passage between two states W- andW„ As a matter 

of fact, after laborious attempts to perform the calculations, the 
search for the solution in such cases has been abandoned. The reason 
for this lies in the fact that the general problem of determining the 
orbits of three or more bodies, attracting or repelling one another in 
accordance with the inverse square law, is beset with insurmountable 
difficulties. A large number of calculations have been made for He, 
Li and the alkali metals, but without any conclusive result. The 
impossibility of sol ving the problem of more complex atoms is not 
merely a mathematical ope. It has a more fundamental origin in tho 
basic conception itself. It is due to the fact that the atom is not 
subject to purely classical mechanics. 

Further, the original simple theory of Bohr was absolutely in¬ 
capable of explaining the fine structure_a£spectral lines even in the 
simplest one electron systems, such as H and He + atoms. Sommer- 
feld ^ modification, though giving a theoretical justification of the 
splitting of individual spectral lines of hydrogen into fine structure 
components, met with only a partial success, as it could not predict 
the correct number of the fine structure lines. Moreover, it gave no 
information about the relative intensities of the lines^ whose frequen¬ 
cies alone it predicted. Hence these older atom models were quite 
inadequate to tackle more complex atoms. Soon other new experi¬ 
mental data, such as the anomalous Zeeman effect, Stark effect, etc., 
brought out this insufficiency of the older ideas with still greater force. 

Another drawback of the Bohr atom model was that it did not 
throw any light on the distribution and arrangement of electrons in 
atoms. 

The most fundamental objection raised against the Bohr atom 
model was that it involved the use of two theories which are essen¬ 
tially opposed to each other : the quantum theory was invoked to 
account for the existence of stationary orbits and for the frequencies 
of the radiation emitted, while the motion of the electron in its orbit 
obeyed the law of classical mechanics. 

New ideas were,therefore introduced partly by'lanalogy, partly 
by empirical methods, in the interpretation of more complex spectral 
phenomena and their relation to atomic structure, which finally re¬ 
sulted in what is known as the vector atom model , Among the physi¬ 
cists who have contributed substantially to the accomplishment of 
this really monumental work, mention must be made of Bohr, Som- 
merfeld, Uhlenbeck, Goudsmit, Pauli, Lande, Stern and Gerlach. 






VECTOR ATOM MODEL 



DESCRIPTION OF THE VECTOR ATOM MODEL 

The two essential elements that characterise the vector atom 
model and differentiate it from other models are : (i) the conception 
of spatial quantisation or quantisation of direction, and («) the spin- 


hypothesis 


Spatial quantisation. We have seen that the Bohr-Sommer- 
fold orbits are all quantised as regards their magnitude , i.e ., their size 
and form. But quantum theory demands more than this, viz., quan¬ 
tisation also of dire$ti<m j>T orientation of the orbits in space, i.e., it 
selects from the continuous manifold of all possible positions of the 
orbits in space, permitted by classical ideas, a discrete number con¬ 
formable to quantum conditions. The introduction of such a spatial 
quantisation makes the orbits vector quan tities . - 

To quantise spatially, we need, of course, a certain preferred 
direction with respect to which the orbits may receive their orienta¬ 
tion. Such a favoured direction may be obtained by an external field 
of force. But, in such a case, we have no longer, even for the hvdro- 
gen atom, pure elliptical orbits, since they would be deformed by the 
external field. To overcome this difficulty, we must pass on to the 


Sodiuir. PHnopol Doublet 


Zeeman pattern of the sodium D lines 
in a weak field (H. E. White) 
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measurable separation of 6 A°. Close triplets are likewise found for 
the lines in the spectrum of magnesium. In other cases the splitting 
becomes much more complex. The heavier the atom the greater is 
the separation of the components : e.g while the doublet of the sod- 
lum D line is separated only by 6LA°, the mercur}' triplet extends 
over 00 A - Hence the name ‘‘fine structure” is not appropriate in 
the case of heavier atoms ; "multiy ht structur e ” is to be preferred. 


Again w hen an external magnetic field of moderate strength is 
applied to the source which produces the spectrum of sodium, sa} 7 a 
discharge tube containing sodium vapour, each of the doublets men¬ 
tioned above splits up still further, the separation being proportional 

t0 u-i i t? Thus the line splits into 4components, 

while the line into 0, as seen in the photo on the previous page. 

^ucn complex magnetic splitting of spectral lines is called the ano- 

1 ^) c L l l^Zee man effect, as distinguished from the normal triplet Zee- 
man effect. 

In ordei to explain satisfactorily some of these intricate spec¬ 
tral phenomena, two Dutch physicists, Uhlenbeckand Goudsmit, put 

forward, in 1925, the hypothesis of the 
spinning electron, according to which the 
electron revolves not only in an orbit round 
the nucleus but also about an axis of its 
( 13YU, somewhat like a planet in the solar 
system. In other words, the electron is en¬ 
dowed with a spin motion over and above 
the orbital jnotion. 

The “spinning electron” thus intro¬ 
duced brought in profound modifications in 
the atom model. In general, a body rotat¬ 
ing about an axis gives rise to a mechanical 
angular momentum ; further, if the rotat¬ 
ing body carries an electric charge, fhe latter will revolve also along 

3 ^ ^ b a revolving charge is equivalent to a circuital 

current, giving rise to a magnetic moment. Hence the rotation of a 
charged body about an axis produces a my^h^ni^a] rno tnftn tngL as 
well as a magnetic moment. 



Prof. Goudsmit 


In the older atom model, the electron was supposed to have 
only orbital motion round the nucleus, which would produce a 
mechanical momentum and a magnetic momen t. Notv including tl ]e 
“spinning electron” idea, the electron will be endowed with two ang u 
lar_ moment a and t wo magnetic moments , one due to orbital motion 
and the otliemlne to spin . In consequence, the total angular inoinen 
turn of the atom will ho no longer due simply to the orbital motion o 
the electron, but also due to the spin of the electron. Likewise, t ® 

moment of the atom is due to both the orbital an 





otic 


_s pin magnetic moments . In other words, the atomic magnet is 


the 
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oSfmm SbZ ° Jnap 11 e t ts ’ ^arising from the orbital motion and the 
omerirom the^spin motion: —-—--—- 

SLttbJa’SKJ 0 th ;\ q ', ,antU,n theory - the «pi» motion is to be 
SIS it „ he .° rbl a raotlon V which will therefore introduce a 
tion tnth*. l . u " lber > known as the spin quantum number, in addi- 

eous mamiTtlc fieWs^nil'Ltf f R 6 b ? liav,our of atoms in non-homogen- 
dependent evWen(^ S jfop|he^LT?'^f^ i ' 2 ^rM^^ in- 

4®iS.SiS'r , r‘“ l ‘ ,es ^ 

basis. res ^ 011 sure experimental 

f V 

QUANTUM numbers associated with the vector 

model of the atom 

assigned a qi j antu umber >d the*” ea ch . ° f th< : C0 Ul£qnent parts is 
veniently be thoupr^flis the^en^rStT. ° f '^ hioh ma y eon- 
the angular momentum of that component nlrt^T W ll ° 1 re P reS0I »ts 

angular momentum is represented by a stm^ht li " V f t0r anal y si s, 

S Parallel tojh^ axis of r otation and whose len^h i ° SC ,lirection 
the magnitude ofTi? "moroen tunT gth 13 Proportional to 

a gi^r«S»”7to.Tng " “ h •**.«'«» .leCr.„ s of 

he Bohr Sommeffi u™ory “it’r”,', 'S" 1 ”! ' vith ,h e one used in 
etc, ur y- 11 can take only integral values I •> ‘i 

vahie between 0 and ? (n^T) hi^usivelv llC Th lay - take any inte ?ral 

“<uos U, I, l s 3. n ns quantum nnmU ;» • n = 4 > ‘ can have 

quantum number n 9 of Sommerfeld’s tho S Slm , l * ar to the azimuthal 
expressed by the letter k, In = toThtT * 7 ’'■ w!uoh Iater came to be 
since k or n 9 of the older theorv Ik!! tW ° are re]at cd by l — k — 1 

of the present theory can be eoual? 1 aSSUme the value °- while! 

mentum p, of the electron is given bv 7 T i?o° rbital an 8 ala r mo- 

' lav >e noted that according to waveSmf aS ^ is q i,a ntised. 

^ momentum has the value lan,C i the orbital aa gu- 


>n, an 
ctron,. 
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(c) A spin quantum number s, tho magnitude of which is always 
V 2 * At first sight, this half integer value, as it contradicts the inte¬ 
gral multiple rule of quantisation o f angular mom enta , appeared to 
raise a serious difficulty against tKe^spinning electron theory. But 
an answer was readily found in the following facts : The use of half 
integers for ‘s’ consistently leads to results which are in complete 
agreement with experimental facts. Further, the wave mechanical 
treatment of the spinning electron in the form given to it by Dirac 3 
leads automatically to this half-integral propert}^ and thus we poss- ^ 
ess a theoretical justification also. The spin angular momentum 
p s = s . A/2?r, where s = 1 / 2 ; but according to wave mechanics 

p s = \/s (1±-1) . hl27t. ^ , 

(d) A total angular quantum number j, which refers to the resul¬ 
tant angular momentum of tne electron due to both orbital and spin 
motions, is the numerical value of the vector sum of l and s. Hence j 
j = l -}- and the value of J is naturally a half integer, since one of 
its components s is always equal to 1 / 2 . It is usually expressed as 

j 1 / 2 » plus sign when s is parall el to the l vector and^ minus j 

sign wherrais antipara lie l. The total angularThomenfurn of th e elec- 

tron p; is given by — and more co rrectly.by \/ j 

according to wave mechanics! ~ * 


If the atom is placed in a magnetic field so that some preferen¬ 
tial axis in space is thereby determined, due to the fact that the fid 

exerts a directive influence on both the orbita 
and spin motions which constitute elementary^ 
magnets, three more quantum numbers will e 
associated with the electron. 

(e) V /1 magnetic _ ozbital quantum number Mi 
which isr^the numericalvalue of the projection 0 
the orbital vector l on the field direction. _ 
an integer and ma} r have only any ofthe t- 
values from — l to + l including zero. For, ac 
ding to spatial quantisation, the projection 
in the field direction must itself be quan 1 
Hence l can be inclined to the field direc 
only at such discrete angles that its projection / 
may also be an integer. For instance, if the 
tor l is inclined to the field direction at an an fL v 
(Fig. 217), its projection m, = l cos 6 .■ * 

since m t has to be an integer and cos 6 can never exceed uni y, ^ 
permitted values of m t are from +jto-l at umt^ 1 .^ e ^ IS j aWS ’ of 

ble 



[l - 1 )* (l _ 

arithmetical progr 
values of W/ is (21 


...i, 0, 


(l — 1), — l. Using the laws 


/ 


on it is seen that the total number of 

' + lative 

Conversely, the permitted orientations of the l vector r® ^ 
to the field direction is also (21 -f 1). Thus, for instance, « " 


f 
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the permitted orientations of l are 3 , for which ,m\ has the 
values -f 1 , 0 , — 1 . If l = 2 , the permitted orientations are 5 , for 

which m f = + 2 , + 1 , 0 , — 1 , — 2 , as shown 
in Fig. 218. 

(/) A magnetic spin quantum number m s which 
is the numerical value of the projection of the 
spin vector s on the field direction. By analogy 
with the orbital vector l 9 the vector s can have 

afsn ( 2 * 4- 1) permitted orientations with 

respect to the field direction according to spatial 
quantisation and in consequence ?n t can have anv 
of the ( 2 s + 1 ) values from-s to-M, without 

however, including zero, since $ is always equal to 

1 2 and never zero. This means that m s can have 
only two values + or — 1 / 2 . 

^ wiagnetic total angular momentum quantum 
number m j which is the numerical value of the pro¬ 
jection of the total angular momentum vector j on 
the field direction. Since we are dealing with a single electron 4 nan 
havc only half integral values, since j = l± i/ t and in eonseoue^ce 
m i must have only half integral values The oermittpH 

have only f 2 i 1 1 ^ field directmn are (2 j + 1 ) and hence m, can 
nave only ( 2 j + 1 ) values, irom + j to - j, zero excluded. 

Ao<e. The quantum numbers m, and m, come into nla-v nnlv in 

broken"whHeTlseff 0 th< ; e ou Pfi n g between Unds is 

uroKcn, while m 3 is effective in ordinary fields. 

Having thus defined the state of each of the eWt™™ ; 
asTwiolm ^ Sh ° 11 n ° W tUFn ° Ur aMenti0n t0 the state of the atom 

can r T eSent ? 9 th£ atom « « Me 

<lual electrons in the atom ^fyZe IStJiwS, ° f 
t,a. quan^sation. It is to be Ad* thaTwi £%£ ^torfasl, T'j 

capital letters 88 °!, ^ J^nd^ < ^ S, ^ n ^' e ^ e state of the electron, 
state of the atom oi a u>Me. ’ ’ ’ " are USed to describe the 

— v~£r ! oissiTBs sr r diff - 

since the orbital and , n „ ^; be ^en the component vectors, 
tic fields result in mutual perturb£tion. " ® CCtr0n I ,roduc *ng magne- 

the uiUltSSidarf t'Ts'ttplVjZ fj Tou^™' “ 

ly and he^tls^now^allTas to !* 10 ° nG r hicb occurs- most frequent- 
several spin vectors 5 "ot the _ this typ ®. the 
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vector S ; the several orbital vectors l of the electrons likewise com* 
bine to form a resultant vector L ; and then the S and L combine to 
make the vector J which represents the total angular momentum of 
the atom. The process may be symbolically represented as 

(^1 + <s 3 ■+■ ^3 "I" .) + (l\ + I 2 ^3 -j- . ) = S -f- L = J 

This sort of coupling is the most natural one when the interactions 
between the individual spins on the one hand and the individual 
orbital momenta on the other are very strong. 

The guiding principles in this type of coupling are :— 

« 

(i) All the three vectors L, S and J are quantised. 

(u) L is always an integer including zero, i.e. t L may be 0 , 1 , 2 , 
3, etc. 


(m) S is an integer or half integer depending on the number of 
electrons involved and on the direction of the spin vectors. Thus, 

for instance, for an 
atom containing a single 
electron, S can have 
only the value 1 /s; for 
a two -electron system 
S may have either 1 or 
0 depending on whether 
the spin vectors are 
parallel or antiparallel* 
For a t&ree-electron 
system, S is 3/2 or 1/2 

and for ar four-electron 

svstem, S may be 2 , 


rm ei terms 

three 

electrons 

FOUR ELECTRONS 

1 ! W 

'1 

1 1 ;1 " 

I?-», 

0 

11 

<0 

3/2, 1/2 ■ 

2, 1, 0 


Fig. 210. 


or 0, due to the same reason, as readily seen from Fig. 219. 

It follows that S is an jMegerJoran even number •- of electrons, 
and half integer for an oddTnumber oj electrons-. 

(iv) Hence J, the vector sum of L and S must be an 
(0, 1,2, 3, etc.) if S is an integer, i.e , forev^etec^ 
integer (1/2, 3/2, 5/2, etc.) if S is aniiairmteger, f e.,ior od ^f of 

systems. It can be proved that, in general, the possible nu 
values, which J can assume, arc 
/ (2S 4 . 1) if L > S and (2L + 1) if L < S. 

The quantity (2S + 1) is known as the multiplicity (r) of the V £ 
It is simply the permitted values of J for a given va . 

r = (2S + Vj. In particular, if Ij = 0, J can have only o 

VtZ.j J" “— 1 S* / * + • nts t)lO 

J must always .he positive t never negative , since it repre 

total angular momentum of the atom. *n+Ar- 

2. The j-j coupling. Under certain circumstances^tl^ in ^ 

action between the spin and orbital vectors in each electron _ 
stronger than that between_either_thejpiP-.xec^ e j eC tron 

vectors of the different electrons^ If tWTs the case,^ each 

may bo-considered* separafelyHanH its contribution o ^ Hg in- 

momentum of the atom may bo obtained by combining 















VECTOR ATOM MODEL 


631 


dividual spin and orbital vectors by the relation j = ^ + s. The 
vector sum of all the individual j vectors of the electrons gives the 
total angular momentum J of the atom. The sort of coupling may 
be symbolically represented by 

t(*l + L) + (5 2 + h) + (« 3 + h) + •••] = Ul + h + ji + •'•) = J 

These two types of “coupling” are limiting cases, between which 
a whole range of intermediate types may occur, which makes the 

problem very difficult of treatment. For most known cases , however, 
the L-S coupling is effective . 

Application of spatial quantisation. According to the 

quantum theory, the resultant vectors representing the atom, obtain* 

ed by the coupling schemes described above, are quantised not only 

m magnitude but also in direction. Hence the number of permitted 

orientations of L, S and J with respect to a preferential field-direction 

are (-L -p 1), (2S + 1) and (2J 1) respectively. The corresponding 

magnetic quantum numbers 

m l = Ern h m 8 — Em s and m A = Em 
can only have (2L + 1). (2S -f- 1) and (2J -|- 1) values respectively. 

h is to be noted that in the one-electron system, i.e., an atom 
with a single effective electron , the state of the atom as a whole is identic 
cal with the state of the electron , so that L = l, S — s and J ~ j. 

OTHER IMPORTANT PRINCIPLES USED IN CON JUNCTION 
WITH THE VECTOR MODEL OF THE ATOM 

In order to be able to use the somewhat artificial structure of 
the vector model of the atom in explaining atomic and spectral pheno¬ 
mena, the following important principles are required, 

(t) Pauli’s exclusion principle, sometimes termed also equiva¬ 
lence principle , states that every completely defined quantum state in 
an atom can be occupied by only one 
electron. In other words, it is impos¬ 
sible for two electrons in an atom to 
be identical as regards all their quan¬ 
tum numbers, i.e one of the two in 
such a case_will be excluded from 
(111 1 into the constitutlorPof thp. 

atom. Hence . the name “exclusion 
principle”. 

The principle may be stated in 
yet another way ; two systems of 
quantum numbers which are deducible 
from each other by interchange of two 

electrons represent only one state. 

Thus understood, the principle enun¬ 
ciates the indistinguishability of elec¬ 
trons which have identical quantum 
numbers. Hence the name “equival¬ 
ence principle”. 

It- is clear that the principle 
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defines a certain minimum individuality of the electron in the atom. 

Among the several quantum numbers associated with the electron, 

our, iiz 7i. I , vij and m s or n , Z, j and m- can be shown to be strictly 

requircc to specify completely the state of any particular electron, 

c oi mer set being used in the presence of a strong magnetic field 

jvuei rca^s the coupling ltQtwceii l and s in the electron and the 
latter in the rest of the eases. 

principle was first introduced by Pauli to explain certain 

experimental facts, such as (a) the occurrence or non-occurrence of 

spectral lines in optical and X-ray spectra —it was found that for the 

nnsMiig energy states of the atoms all the four quantum numbers of 

_ e e e( turns agreed and ( b) the complete scheme of the successive 

ormation of the atoms as arranged in the periodic table, discovered 

V o ir, k_toner and others —such as arrangement required the asso- 

cia ion o the abo\e-stated four quantum numbers with each elect¬ 
ron. 


Naturally then, the principle finds its chief use in the elucida- 
tion (> electronic structure and atomic spectra. It has also been 
\ ery elpful in defining the special quantum property of closed shells, 
as well as accounting for certain limitations of terms multiplicity ac- 
ua y o served. It has been realised later that the principle is much 
moic universal and fundamental, holding good for the totalit3 r of elec¬ 
trons in any molecule, nay, even for the more comprehensive system 
o conduction electrons that belong to a metal in the bulk state on 
t ie one hand and for the constituent particles of the nucleus in the 
uJtranncroscopic state on the other 


The principle, though justified by the new quantum mechanics, 
uts not }ct received a rigorous theoretical proof and for the present 

it must be regarded as something empirical .added to and regulating 
the vector model of the atom. 


(?/) The selection rules. It is experimentally found tli&t all 
the possible combinations of permitted energy states of an atom do 
not actually appear as spectral lines. Selection rules are certain prin¬ 
ciples, which give the reason for such a state of affairs. 

The first selection rule devised in connection with the older 
atom model referred to the azimuthal quantnm number tkp or k and 
it was f\k = i 1> as we have seen. This was formulated on an em¬ 
pirical basis, but was later justified theoretically by Rubinowicz by^ 
applying the theorem of conservation of momentum to the process of 
emission of an electromagnetic radiation by an atom. This simple 
rule, however, was soon found inadequate. 

For the vector atom model, three selection rules have been de¬ 
vised, one for L, another for J and a third for S. 

(a) The selection rule for L, Most of the observed spectral lines 
are due to transitions between states, in which a single electron 
jumps from one orbit to another, and in such cases, the selection rule 
is f\h -- A- 1, be., only those lines are observed for which the value 
of L changes by ± 1. 
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( b ) The selection rule for J, Spectral lines arise only when tran¬ 
sitions take place between states for which ± 1 or 0, 0 —> 0 

being, however, excluded. 

(c) The selection rule for S is given by / S = 0, which means 
that states with different S (hence different multiplicities) do not 
combine with one another. Theory and experiment, however, show 
that this selection rule is adhered to less and less strictly as the ato- 
mic number increases. Hence it is only an approximate rule holding 
good in the case of light atoms. 

Note. In the presence of a magnetic field, the orbital magnetic 
quantum number, m x either does not change or changes by' ± 1, i.e ., 

A' m L = 0 or i 1. The spin magnetic quantum number w s remains 

unchanged, t.e., /\m s — 0. In consequence 


A m .i = 0 or ± 1 

These selection rules were first introduced on a purely empirical 
basis in the study of optical and X-ray spectra and Zeeman effect. 
Later, they were obtained by a rigorously deductive method in wave 
mechanics and hence they now rest on a permanent theoretical basis. 

These rules furnish invaluable help in the allocation of observ¬ 
ed spectral series to the proper quantum number. With their aid, 
energy level diagrams can be constructed both for the natural com¬ 
plex multiplet lines and for the Zeeman elfect of such lines. 


Transitions which contravene these rules are sometimes observ¬ 
ed, but the intensities of such “forbidden lines", as they are called, 
are xisually weak in comparison with the normal lines. 

(Hi) The intensity rules have been devised to supplement the 
selection rules, in order to predict also the intensity of the 1 ines that 
occur. These were originall}’' postulated on an empirical basis in the 
study ol optical and X-ray spectra. Later, a full theoretical deriva¬ 
tion was given on a wave mechanical basis. 


The intensity rules are :— 

(fi) Those transitions are strong , giving rise to intense lines , in 
which L ajid J change in the same sense ; the transilio'ns are the ’weaker , 
the more the change indirection of L and J is different. 


(^) ^ transition 'in the decreasing sense (L — > L — 1 ) is, ceteris 

pa?ibiis, stronger than a transition in the increasing sense 
(L-^L -j- 1). J 


(c) The. case of oppositely directed transitions does not occur , in 
general, either in X-ray spectra or in doublet spectra ; because it 
would lead to a final state, in winch < J - L) would be two units grea¬ 
ter than in the initial state, which is forbidden. 

Hence we may distinguish the following cases — 

AL ~ ~ iy AJ = — 1 ; most intense line (a) 

£L= — 1, AJ = 0 ; less intense (a) 
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Note 
that th 


al = + l, 

AJ — 

4- l ; 

weaker 

(b) 

AL = + l, 

AJ = 

o ; 

weakest 

(a and 6) 

AL = - 1, 

L — -j- l ^ 

A J = 
AJ = 

±ii 

no line 

v / 

(C) 


T r 

T* . . cnn shown both theoretically and experimentally 

n T * ° a 1 jf tcnsit y, ^e lines coming to or starting from any 
given J oerm of a multiple! is proportional to (2J +1). 


* X JJ ^ * V * V' i 4 W A W j-v j f * 

«■ 

intorv7M ? ]' i r” C * nterva l ru l e * Lande discovered a rule regarding the 
tinlet 1 requency between the different levels constitute ng a mul- 

enrv inf , iS , ^ + Ct ^ 10 La n de interval rule and states that the frequ- 

anri T Vfl et *ween two levels with total angular momenta (J + 1) 
and J respectively is proportional to (J + 1). 

chir'fn ^) eU tlIC > hon ever many deviations from this interval rule, 

t v ” 111 ( < ls cs when the coupling scheme follows neither the L-S 

_ ' Ii0r IG ^ ^ ^ P 0, ^ut * s intermediate between these extreme 

cases; 


cases, 

rr t ! f +i splitting factor 6 g 5 is simply a factor which 

S 10 Ia 10 °f the magnetic moment to the mechanical angular 
ci i 11 , n um ° a ^ om ih particles. It characterises therefore atomic and 
a orau, magnets, such as the orbital and spin magnets. 

, In older to determine this < g i factor we shall first of all derive 

n expression foi the magnetic moment corresponding to the orbital 
motion of the electron. 

magnetic moment due to ORBITAL MOTION : 

the BOHR MAGNETON 

Considering the simple case of an electron moving in a central 
orbit, such as an ellipse, the current i due to the motion of the elec* 
Ton round the oibit is given by i — e/cT e.m.u., where e is the charge 
in e.s.u., c the velocity of light and T the periodic time. Applying 

nap ere s theorem, this current gives rise to a magnetic moment u; 
given by 


Pi 



A 


... ( 1 ) 


where A is the area enclosed by the orbit. Since the areal velocity 
of motion in a central orbit is l / 2 r 2 (d$ / dt), 


-h 



Now the angular momentum p, = mr 2 tdd / dt), 

dd p, 


>/. r 2 


dt 


2 m 
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Since p t and m are constants, 

a = *' t 


zm 


... ( 2 ) 


Substituting this value of A in eqn. (1), 

„ _ e Pfl e 


Pi = 


cT 


2 m 


o * Pi 

2 me 


As p h according to the quantum theory, is 

eh 

Pi - • I 

471 me 

Hence the orbital magnetic moment n, is directly 
orbital quantum number l. 


... ( 3 ) 

equal to L(hj2n), 

... (4) 

proportional to the 


If 


l =Z 0, flj 


0 ; if l = 1, —, etc. 

4 Time 


n general the orbital magnetic moment is an integral multiple of the 

quantity eh / 4ttwc which represents the smallest constant unit in terms 

ot which the magnitude of atomie and sub-atomic magnetic moments 

are measured. It is known as the Bohr magneton, usually r core - 

sonted by the symbol M n . Its value can be readily computed from 
the known values of A, ejm and c. 1 

Hit c/i 

= in me ~ x erg, oersted -1 

s the Lande splitting factor g is a factor that affects the ratio h>>>Pj 
let us hnd this ratio, 


t^l _ j eh 

Pi 471 me X 


2 me 


27T 


, where g = 1 


The same ratio can be written as 

Ti 9 ' 2 ^-’ where 9 = 1 

Of the T efcrnn ^ i ^ rodu f ced . V- In the case of the orbital motion 
1 l,l,e electron, the value of g is equal to 1. 

SrtsKr r ^ z* £ 

hbs*sS£ '* ft a** t ‘*5S5ssa & 

and 2 The Va,ue of I? ™rie9, in general, between »/a 
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MAGNETIC MOMENT DUE TO ELECTRON SPIN 

On this legitimate assumption that the value of g for the spin¬ 
ning electron is 2, the magnetic moment corresponding to the electron 
spin is readily estimated as follows : 


P> 


_ o 


2 me 


*• Mr = 


me 


• P 


h 


me 


. s . 


IT 


Since s = \; 2y n = eh i 4?rmc 


b * The magnetic moment due to 


electron op no is thereJore equal to a Bohr magneton 

The Lande splitting factor was originally introduced by Land6, 
oji an cm pineal basis, to explain the anomalous Zeeman effect- ; it 
was ater theoretically justified by wave mechanics. It is called the 
ing jactor because it is the determining cause of the anomalous 
itting of spectral lines in an external magnetic field. 


APPLICATION OF THE VECTOR ATOM MODEL TO ATOMIC 

AND SPECTRAL PHENOMENA 

The great advance made by the vector model of the atom lies 
in the met. that it offers an adequate and rational explanation of sev¬ 
eral complex atomic and spectral phenomena which cannot be satis¬ 
factorily explained on the basis of the older models. To substantiate 
this statement four important and interesting cases, viz . (?*) the elec¬ 
tronic structure in atoms, ( ii ) the fine or multiplet structure of 
spectral lines, (in) the Zeeman effect with anomalous characteristics 
and (iv) the Star!* effect, will now be considered. 


ELECTRONIC STRUCTURE IN ATOMS 

Admitting, that the number of electrons in the normal atom in¬ 
creases steadily as one passes from light to heavy elements, one is in¬ 
terested to know whether the several electrons in a given atom are 
distributed at random or in a regular manner. 


Since, in general, a system is most stable when its potential cn- 
er gy is least and as the potential energy of the atom is smaller the 
lower the value of the total quantum number n designating the elec¬ 
tronic orbit, it would seem that all the electrons in the atom should 
tend to crowd into the lowest orbit. But investigations based on the 
X-ray spectra and periodic classification of elements have proved the 
contrary, viz ,, that the electrons do not all crowd into the lowest orbit 
of minimum energy but are arranged with a certain regularity in 
different oibits or shells. 


The X-ray spectra of elements strongly suggests that the elec• 
irons in the atom are arranged in different groups or shells round the 
nucleus, all the electrons having the same total quantum number n 
forming a shell. Thus, the innermost shell, known as the K shell, con¬ 
sists of electrons whose total quantum number n = 1 ; the next shell, 
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called the % shell, contains electrons, for which n = 2 and so on. Tin* 

complete scheme, as far as it is required in building up the electronic 
structure in the atoms of all the elements, is :— 

Shell -►KLMNOPQ 

n 1 23 4 5 67 

For the conception and nomenclature ofthese electronic shells, we are 
indebted to Lewis, Langmuir, Bohr and Stoner. 

.. . The . per *° dic table is an arrangement of different elements 
tnat exist in Nature in a scheme based on their chemical properties 
and atomic weights, first drawn by Mendeleeff in 1871 and then 
gradually perfected, chiefly by the study of the X-ray spectra of ele- 
ments Moseley’s work on the characteristic X-ray lines, for instance 
settled in an unambiguous manner that the determining factor in the 
arrangement is not the atomic weight but the atomic number which 

assigns the numerical position of the elements in the classification as 
L *>, etc., up to 92. 

This table of elements presents a complex scheme, with seven 
ortzon a 1 rows, called periods, in which the chemical and physical 
properties of the elements vary gradually as a periodic function of the 
^ mic number, and eight vertical columns, called groups, each of 

of element 1 " 8 manifesting similar properties. The number 

of elements in the different periods is not the same, e.q. the first 

period consists only of two elements, the second and third eight ele- 

2-' * ha fourth and fifth eighteen elements each, the sixth 
thirty-two and the seventh sixteen elements. (Cf. chart p. 638). 

As the atomic number gives also the number of electrons in the 

periodic tall * y f< J llows that the atom « of successive elements in the 
penodtc table are formed by the addition of one more electron at each 

period1rv h a ri» C i 8i ^ at i 0n ° f e,ements - with it® clear manifestation of 
turn the ormin ,nS 'r 1 ° P ro P er t les the elements, confirms, in its 
Bests’ the fde l nf n ?h° f ® lectro ! ls in different shells. For, it readily sug- 

same eharAf ^ ^ the , course °f the period, passes through the 

tion of its comnn tlC f ^ Se ^’ determ 'ned by the number and diatribu- 
that a 1,U? \ electrons. There is also a further implication 

eeneral he fnri! T hlc . h makes the beginning of a new [icriod, will, in 
quota of elections 011 It th u innerones a re completed with their 

pleted. 11 1 starte(1 beiore the inner one is com- 

plete each^lT^fTh^shen^ 1 l? f eleCt y ons required to com- 

reneo of monatomic elements ’ el have „ a ? luo m the periodic occur- 
inert gases viz helium « ’ ^ cmica ^y inactive, hence known as 

Since their atomic numbers x , e "” n and radon - 

the number of electrons i« fL • ' an ^ ^ respectively, 

electrons m their respective atoms are also 2, 10, 18, 



Or. VIII Gr. 0 I Electronic shells 
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36, o4 and 86. Rydberg made a suggestion that these numbers could 
be arranged in a simple, numerical series as follows :_ 


2 x (l 2 

He -► 


4 


- 93 


: + 


92 


■No 


A- 


Kr 


+ 3 2 \ 4 - 3 2 l -f 4 2 : +...) 


Xe 


Rn 


- m 

Such a series suggests that the electrons in these inert case 9 

«»'"• f ” instance. LsTsi,,; 

shell of two electrons ; neon has two shells, the first containing two 

« rons a nd the second eight electrons ; argon has three shells the 
rst one containing two electrons, the second eight, the third eicht 

ttefonZTl ^ f0 , Ur 8h6lls ’ th « filst thAame as argon St 

hr!eW rth e,ghfceen electr °ns. and so on. The factor 2 outside- the 
racket suggests some sort of symmetry, a pairing of electrons. ' 

He rfj® investigations showed that Rvdberg’s suggestion had to 
be modified as regards the order of the numbers witldfthe bucket 

tHe ’ ? t le (;ase of Kr the arrangement should be 2 (l 2 + 2 2 4 - 32 U-S> 2 !' 
the outermost shell containing eight electrons like argon butl* 

*o“ in lhe she " s inc, '“ sos -p 

fr nr - f 

tend to make a vem xtnhn *• . , 1U > e ^ c > electrons 

tl.. net ^Lr^T„v^T.CS« n,l, .' 0 ‘'" rl “ n<l - 
electron than necossarv in o l Tf inerfc " ases ^ jas °ne more 

Na (11), K ill) Rbt 37 ir!c-m?l & ^le structure, e g., Li (3), 

properties are strikingly similar ’ ThVseco^Is °f the alkali group,'whose 
gas has two sunerfluona 1Th seconf l clement beyond an inert 

Ba (56), Ra (88), the alkalineTarths^ akJVith^‘ ! 20> ’ Sr (38) ' 

Going in the other direction the next element Zf h pr0perties ' 

one electron to make a stnhlo <.♦ "+ before an inert gas lacks 

( 3) forming the halogen group again with e* i ’ ? r 

arc hkewise similar. Considcfratbms of thl ’ V l ? ) ’.® e . (3 f ) ’ Te 

fundamental princinle in 0 i„., • “ ls hind indicate a very 

cal and phys icaWoperties^ f C Structure . viz., the chemi- 

by the number and arraneem “ t arC deter ? lined more 

m °st Shell than h y the total numhV^53SSS £ ^ Ton. 

atoms, on^m a if obtain*hiform a t io n'' ° m / Ca l and Physical properties of 

the outermost'shell. Then pavim? ,i‘tt °f^ h ° number of electrons in 
corresponding element with respect to tH 10 " t0 th ° position of the 

8«ble to determine the whole arranlt ? nearest inert gas, it is pos- 

wnoio arrangfement of electrons in the different 
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shells. Thus, for instance, in the case of K"a, the arrangement would 
be two electrons in the first K shell, 8 electrons in the second L shell 
n nd one in the third M shell, as yet incomplete, represented ordinarily 
by the abbreviation (2, 8, 1). Similarly the arrangement in Mg is 
(2, 8, 2), in F (2, 7), in O (2, 6). Similar reasonings determine the 
number of electrons required to complete different shells. The K 
shell is complete or closed with two electrons, the L shell with 8 elec* 
trons, the M shell with 18 electrons, the N shell with 32 electrons, 
the O shell with 18. the P shell with 12, and the Q shell with 2. 

Thus the shell character of the electronic structure in atoms, 
t.e., the property which finds its expression in the periodicity of ele- 
mentvS with respect to t heir physical and chemical properties was dis¬ 
covered by reasoning based on empirical data. 

The vector model gives a rational explanation of such an 
empirically derived shell property of atoms, showing why the 
electrons are grouped in shells, a certain fixed number of these being 
required to complete a shell, and 'vyhj 7 the number and distribution of 
electrons outside closed shells are mainly responsible for the chemical 
and physical properties of elements, thus leading up to a logical con¬ 
struction of the periodic table. 


Considering, for instance, the K shell, for the electrons in it 
n = 1» l — 0 ; hence mi = 0. Thus three of the four quantum num¬ 
bers that characterise the electron are fixed. The fourth, viz., m s can 
assume only the two values -f- 1 /g and — 1 / 2 . It is readily seen that 
the maximum number of electrons in the K shell can be only two , 
since a greater number would mean that two or more should neces¬ 
sarily be identical as regards all their four quantum numbers, which 
is against Pauli’s exclusion principle. The shell is therefore completed 
or closed with 2 electrons. 

For the electron in the next L shell , n — 2, l = 0 or 1. In the 
case n = 2, l — 0 , m L = 0 , and m s = dr l h ; hence there can be 
only two electrons according to Pauli’s principle. In the other case 
n — 2, l — 1, m l can have (21 + 1) values, i.e ,, three values 1, 
0, — 1, and with each of these may be associated the two values of 
m s , i.e., dr Vs* 80 that there will be 2 (2 1 I) or 6 possible sets of 
values for the four quantum numbers characterising the electrons. 
Hence in this case six electrons can coexist. The L shell with two 
sub-groups (n = 2, l = 0, and n = 2, l = I) is therefore completed 
when it contains 2+6 = 8 electrons. 

The electrons in the third M shell have n — 3, while l = 6,1, 
2, Three sub-groups can therefore be distinguished in this shell, first 
n = 3, l — 0, second n = 3, l = 1, third n = 3, / = 2. The first 
and second sub-groups are completed by two and six electrons res¬ 
pectively for reasons given above. The third is completed with 
2 (21 + 1) electrons, i.e,, 10 electrons since 1=2. Hence the total 
number of electrons required to complete the M shell is 18. 

Arguing in a similar manner it can be shown that the N shell 
has four sub-groups, since n = 4, while Z = 0, I, 2, 3 and that the 
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first threo are completed by 2, 6, 10 electrons respectively, while the 

fourth by 2 (2 x 3 + 1) = 14 electrons. This brings up the total to 
32 electrons to complete this shell. 

Thus the vector model in conjunction with Pauli’s principle 

supplies the reason why the electrons of an atom do not all occupy 

the most stable shell closest to the nucleus but dispose themselves in 
different shells. 


from what has been said above the following important con¬ 
clusions can be drawn ; — 

(i) In electronic configuration of an atom there can. he only 2n 2 
electrons with the s&me total quantum number n , 

(it) In the n<" shell there are n sub-groups and in each sub-group 
whose orbital quantum number is l, there can be only 2 (21 4 - 1) electron <? 

which are known as “equivalent electrons". ^ 

A direct consequence of Pauli’s Principle is that every 
closed shell or sub-shell is balanced with respect to aneular 
momenta both as regards orbital and spin motions and hence con- 

iTa whole Th* 8 *° f h r angular , “°mentam "f the atom 
as a whole. The proof of this is essentially contained in the star,.. 

ment that a closed shell of orbital quantum number l is built up of 
+ ^electrons. Since the (21 + 1) different values of m, and 

the two different values of are just used up in this wav by the 

- (21 + 1) electrons, there is nothing more of m. or m which can 
contribute to the atom as a whole. In other words, for ’each closed 
..Ingroup «s well a* for the whole closed shell „ L _ E „, = 

e,U feb'-eTooo - 2 T-TT’ ,he L sh '"- first 

group ^ ^° r _ th ,i ’ \° that r °- F °r *he second sub- 
a ^| . ^ ve ctor sum of the three m t valuer viz 4- l 

Sf tTe t 18 eVlden l ' V Zer °> 80 that = 0 ; similarly the veS mm 
of the two m, values, viz., + i/ 2 , _ i/ 2 is a i so zero y sum 

and J = L ' T S = 0 L iT d Z S Z e J eTO f 7 a Cl ° 8ed Sh ell. L = 0, S = 0 
shell is zero + Hence a closed a " gU ‘ ar “JMBtam of a closed 

atom as a whole. Jrom thTs ft foHowsTatX2^ to thc 

turn of the atom as a whole is determined o^v bv *f m ° men ' 

side closed shells ^Ph^o ^ y the electrons out- 

proper tie«nfell ex f lains wh V th e chemical and physical 

«h.ch are, » copse,u.nce, known „ the m l tMy optS'ueton, 

•hell ,nd'’™h.S,“i”l of in e.ch 

show that they can be arraneed^n 0 * 01 du P. e ^ ement s genetically and 

hydrogen and^eSfag .?S£m Th^" 0 ' 0 f Stem > Min * 

41 g uranlum • The general procedure is to pic- 
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ture the nucleus of atomic number Z, initially stripped of all its elec¬ 
trons, as capturing one by one the Z electrons necessary to make a 
neutral normal atom. The quantum numbers chosen for each added 
electron are such as to place this electron in a vacant permissible 
shell, which makes the energy of the system a minimum , the condition 
required for maximum stability In deciding which orbit the flwxt 
captured electron will permanently occupy, spectroscopic and critical 
potential data are used. 


When normal atoms of different elements are built like this, it 
is found that their chemical and spectroscopic behaviour are deter¬ 
mined by the electron configuration of the outermost shell, as is ex¬ 
pected from Pauli’s principle. Elements with outermost shells of 
similar electronic structure possess in a large measure equivalent 
chemical and optical properties. This explains the occurrence of 
periods in the classification of elements. Thus the alkalis, to which 
belong Li, Na, K, Rb and Cs, are characterised by a single electron 
in the outermost shell ; the alkaline earths Mg, Ca, Sr, Ba and Ra 
have two electrons outside closed shells ; the halogens F, Cl, Br and 
I lack one electron to make up a closed shell ; the inert gases Ne, A, 
Kr, Xe and Rn have the outermost shell closed with eight electrons. 


The vector model leads therefore to a periodic system agreeing 
closely with the one built on empirical data. It further presents an 
ideal system, much simpler than the real one of the chemists, and go¬ 
ing deeper into the internal structure of the atom, since the rca 
system gives only the peripheral properties of the atom, which are o 
interest to the chemist and the spectroscopist- in the visible region, 
while the ideal system describing the interior of the atom is of interes 
to the X-ray spectroscopist. 


It is to be noted that the ideal periodic system given by the 
model does not , however , completely agree with the real one . fhe ^ 
coincide up to argon, but then with potassium and calcium, 

N shell begins to form before the completion of the P r ®^f^ ,n ^:i e 
shell ; likewise the O shell is initiated irregularly with Rb (37), w 
it has to begin only with Hf (72). Likewise, in the real system 
0 shell has only 18 electrons although 50 electrons would be req ^ 
according to the ideal system to complete it, the P shell on ^ X 
electrons, while 72 would be necessary to fill it entirely an . 
shell 2 electrons when 98 would be its maximum quota o 


trons. 

These discrepancies are accounted for as follows : The 
mum potential energy condition may not always be such t a ^ 
shell must be completed before an electron settles in the nex ope 
Further, since the deviations of the real system from the l ^ 
concern only the less tightly bound electrons of the outermos _ j 
if we regard as representatives of the elements not . f oUI1 d 

neutral atoms, but also the ionised ones, the theoretical rule l 

to be exactly verified. 
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SOME EXAMPLES OF ELECTRON CONFIGURATIONS WITH THEIR 

MODERN SYMBOLIC REPRESENTATIONS 

In order to illustrate the theory proposed above, the electronic 
configurations in some elements will now be considered. 

Hydrogen (Z = 1 ) has only one electron which wdll naturally 

occupy the first K shell for which n = 1 , in order to give least energy 

to the system. According to Pauli’s principle there can be only two 

electrons in the K shell, or the single electron can exist in two 

different states for m, = + */ a and - i/ 2 . The symbolic representa- 

tion is is, I referring to the total quantum number of the shell, and s 

the type of electron, since l = 0 in this case. On account of the 

single electron which cannot complete the K shell, one may expect 

t e atomic hydrogen to be very active chemically, combining its 

single electron with another hydrogen atom to form a helium-like 

pair, the molecule of hydrogen which is known to be comparatively 
inactive. r J 

r» He, * u “ ( z = 2) has two electrons, both of which, according to 
rauli s principle, can occupy the first K shell. Both spectroscopic 
and ionisation potential data show that to be really the case. Further 
the two electrons complete the shell, which renders the helium atom 
an inert monatomic gas, completing the first period of the periodic 

system. The normal helium atom is therefore represented by |"la* I 

electrons, for which n = 1 and / = 0, the total numbiFTe- 

eWtrnn X o ed + at , th , e }°P °f s - J The rectangular enclosure indicates the 
electrons interlocked in closed shells. 

fipicf ^^ree electrons, two of which occupy the 

first K shell an,, the third the next L shell, in order to keep the 

L sS is 11 ^ a /“ inim , Um - The <**<1 electron in the incomplete 
snell is t he valan ce electron. Hence the neutral atom of Li is re¬ 
presented by | Is* | 2s. Optical spectrum of Li shows that the lowest 
other' 8 tS ‘hilt this third electron is really 2s and not 2 p or any 

looseiv J ♦t" Ce *u 2 'i 6 , le f r0n is much more i.e., much more 

predomfiLX tK i? , and elect ropositive. The arc spectrum of Li is 
the alkali fvna & ^ expected from a single electron system of 

ascribed to T H i'* —t s P ectrum ' 0 » the other hand, which is 

we should exLct f la f t0 th ° arc . spectrum of He. This is what 
same number^^ from theory as a singly ionised Li atom contains the 

ofcorrerondinfl" r ° n l a8 th ° n0r “ al He at om. The frequencies 
the stronger McliLr h re ’ h ? w ®Y er > much higher than in He, because 
lower. 8 ^ harge m L ' caU8es a11 ener gy levels to lie much 

ing to Pauli’s prhicin/^in* 3 ^^ 0 ^ n -Yf I l? >er H electrons. Accord- 
K and L shell 8 P oomSw i? f t hem will be interlocked in the first two 

the remaining sinele^electrof J - n 8 electrons respectively, so that 

The two eleefronsin it?!? have to occu Py third M shell. 

lectrons in the K shell are represented by Is*. Of the eight 
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electrons in the L shell tw.o will be in the first sub-group (/ = 0) and 
hence represented by 2 s 2 ; the remaining six in the second sub-group 
(l = 1) and hence by 2 p & . The last electron in the M shell is the 
valence electron which is found to be an «s electron from energy con¬ 
siderations as well as from spectroscopic data. Hence the electron 
configuration of the normal sodium atom is represented by 

| is 2 2$ 2 2 p 6 I 3s 

The arrangement receives confirmation from the fact that sodium is 
monovalent and electropositive . 

Magnesium (Z = 12). Of the 12 electrons, 10 occupy the first 
two shells while the remaining 2 will have to go to the third M shell. 
These 2 electrons in the outermost incomplete AT shell are the valence 
electrons making Mg divalent . A study of the are and spark spectra 
shows clearly that the two valence electrons are s electrons. Hence 
the normal Mg atom is represented by 

| 16- 2s ? 2p« -1 3s 2 

Aluminium (Z — 13). Leaving aside the 10 electrons occupay¬ 
ing the first two closed shells, the remaining three go to the M shell- 
Hence A1 is trivalent . Spectroscopic study and energy considerations 
show that the IP* and \2 ih electrons are s electrons, while the 13' A 
is a p electron. The symbolic representation of A1 atom is 

pLs 2 2s 2 2ps~ [ 3s 2 3 p 

Copper (Z = 29). Of the 29 electrons, 2 will go to the first K 
shell, 8 into the two sub-groups of the second L shell and 18 to the 
third M shell, distributed as 2, 6 and 10 in the three sub-groups. What 
is left over is only one electron, the valence electron, which occu¬ 
pies the fourth N shell. Hence copper should be monovalent and its 
electronic configuration is 

1 Is 2 2$ 2 [ 45 

The arc spectrum of copper should therefore resemble that of the 
alkalies like Li, Na. etc. It is to be noted, however, that the last of 

Jr J * r 4 

the electrons which completes the 3*:/ sub-shell is rather lightly bound 
and comes off easily so that copper frequently exhibits a valency of 
two as an alternative to the expected valency of one, as clearly seen 
from the existence of both cupric oxide (CuO) and cuprous oxide 

(Cu 2 0). 

Thallium (Z — 81). The total number of electrons is therefore 
81. The normal atom of T1 is represented, applying Pauli’s principle 
and paying due attention to energy considerations, by 

Is 2 2<s 2 27 > 6 t 3$ 2 3 p* 3d 10 4s 2 4 p G 4 d 10 4 f u 5$ 2 5p r » 5r/ 10 6 s 2 6p 

k ~~ l m n p - 

Hence it has the first four shells complete. Before the fifth O shell is 
completed, the sixth P shell is started. Of the three electrons in t c 
last shell, two are a electrons and one p electron. Hence T1 shou 
be trivalent. 





ELECTRONIC CONFIGURATION AND VALENCY 645 

som . J f h . e , 8 ® f e "-' examples will serve to demonstrate tne methods and 

The Sam ° P roced " re “ followed in 

nc case of all the other elements in the periodic table. 

Note 1. Electron configuration and valencv. The eVinmir.nl 
nounHsf 8 , g ° Verning fact,,r in formation chemical com! 

is F e3y W see1 'ZtZ 

ir Z JJ"A T ,he “ me » f 

divalent *k* a j. i group monovalent, the second group 

in ° V < ' * h « ~~ S 

Further, since an X-^ ™ h * de f eases b .V unity at each step, 
gases may be considered t h CU ^J ng between two successive inert 
inert gas it mav have k a h 6 a ^f r l ^ e fi rst or before the second 

phur being 8 “?tens af^r P ° 8 ‘ andncgativo valencies, e.g., sul- 
it is also two steXhefn Ue ° n 18 a P osltlve sextavalent, as in SO,; 
H 2 S. Carbon h‘r nCU f r negative divalent, as in 

occupying an intermedia^ i F , e lum and f° ur steps before neon, 
therefore^ vakSj £ iJth* b ®‘ ween , the two inert gases ; it has 

slst i JS,*rj l r d on “ co " n i of ,he 

nearly alwaysSfeiunT,"" ^ ° f the ° ther ’ eg < ch ' ori ™ 
a ipi . rcises its negative valency as in HC1 A<rPl at,pi 

AICl a m preference to its positive valencv as in PI n tu . a . ’ 

of carlion towards the negative vallncy seems to he 7 a t 

*-**' of organic L^’E?XX7 i ,“& “f„™ ° f 

.b»i rt ^:s i ssr,f‘”ie^" 8 - t out the ■»"*> 

boundaries ufthe atom^in vIT f-* 16 | out ? r, "o st shell, being at the 

tains eight electrons gaS ,? ^ hose outerm °st shell always con- 

cZzv/z'zzr of ~ ° M b > “* 

outermost ehell^it witfmifdv t0 .-*i 0m l lleU ‘ tllC octet in its 

in excess of eight elartmn • mbme Wll h another atom which is 

ber required by the fim In ^ by eXact,y the num ‘ 

ion, while the other thatgSns JKlSSSS” beC ° ming & P ° 3itive 
The oppositely charged ions th,,« fx ^ f becomtn g a negative ion. 

*y and give rise to whatT^XX T d attract one another strong- 
practically i n all inorganic sX!* aS eleclT00alent compound, occurring 
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There is yet another way of formation of the octet stable 
grouping, viz. t two atoms may mutually complete octets by a common 
sharing of a pair of electrons : This form of union gives rise to what 
is called a covalent compound, occurring in all organic and many 
inorganic substances. 


(c) While in the first two periods valency is largely based on 
the tendency towards octet formation, this relationship becomes more 
complicated in the other periods containing elements of higher ato¬ 
mic number, probably due to the fact that electrons from inner shells 
also may influence valency transactions. 


Note 2. Semiconductors and transistors. The electron 
configuration and valency of atoms throw light on the electrical 
behaviour of semiconductors in general and of their special version, 
known as transistors, that are fast growing in importance in electro¬ 
nics as able competitors to thermionic valves. 


Semiconductors are solid crystalline substances having elec¬ 
trical properties which may be regarded as intermediate between 
those of metallic conductors and of insulators. As already stated 
(Of. p. 532), at low temperatures the bands of energy levels in semi¬ 
conductors are either completely filled with electrons or completely 
empty, with gaps separating the filled and unfilled, bands. But due 
to localised impurities, the above mentioned gaps arc much narrower 
in a semiconductor than in an insulator, so that electrons in the lower 
filled band have a reasonable probability of gaining sufficient energy 
from the thermal vibrations of crystal lattice to enter. the higher, 
nearty empty band. Hence in semiconductors the number of free 
charge carriers, which can cause current to flow when an c.m.f. JR 
applied, is very limited, and is a function of temperature or of im* 
purities present. This means also that if the impurities are com¬ 
pletely removed from the substance, the latter will behave as an in¬ 
sulator. 


Copper oxide, silicon, selenium, germanium, etc. are some of the 
semiconductors that are of special importance in electronics. Let us 
now r consider the inner mechanism that determines their electric* 
behaviour. Taking a concrete example, say silicon, this belongs . 
the fourth group of the periodic table and hence is tetrayalent; * 
occurs in the diamond type of crystal lattice where each silicon atom 
is surrounded by four nearest neighbours at the corners of a tetra¬ 
hedron, the binding being by electron-pair or covalent bonds, 
each of the four valency electrons of a particular atom forming a P® 
with one of similar electrons of the four nearest atoms. Hence 
absolutely pure silicon, since all the electrons are held in ■ 
valence bonds, no mobile carriers of electricity are available ana he _ 
such a material cannot conduct electricity at low temperatures. ^ 
pure silicon is to become a conductor, the valence bonds mue 
broken and the electrons set free, which can be done only by th© - 
penditure of energy corresponding to the gap between the fiflea 
unfilled bands. This energy can be sjipplied in several ways. In 
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thermal process the crystal is raised to a moderately high tempera¬ 
ture. With increase of temperature, as the valence bands arc broken 
and more and more of the valence electrons cross the gap, the effect 
due to the thermal agitation of molecules is reduced. Hence the 
electrical resistance of the substance diminishes with rise in tempera¬ 
ture. The specific resistance p of a pure or intrinsic semiconductor 

varies with temperature according to the relation p = Ae E ° ^ ^ 
w here A is a constant of the material, E ( . the energy gap between 

filled and unfilled bands, k the Boltzmann constant and the abso¬ 
lute temperature. It is readily seen that as T increases p will decrease. 

The values of E c . for some of the important semiconductors are :_ 

* 

Germanium — 076 eV 


— i zv 


> ) 


J » 


Silicon 

Cuprous oxide — 1*40 

Diamond — 7*00 

It is also possible to dislodge the electrons from the valence 
bonds and make them move from the filled to the unfilled energ\ T 
hands even at ordinary temperatures by the action of light, provided 
the quantum energy kv of the light exceeds the energy gap E Thus 

in the case of pure silicon, when the quantum energy exceeds the cri¬ 
tical value of 1*2 eV, the valence electrons t hat have been set free and 
have crossed over the gap can move freely in the crystal lattice. 
Under these circumstances, if an external field is applied, a steads' 
drift of the free elections towards the positive terminal will take place, 
constituting a photoelectric current. This means that pure silicon 

has now become a conductor of electricity. 

•/ 

The empty space left behind when an electron escapes from the 
valence bond is called a “hole” with the consequent creation of an 
electron-hole pair. Since the electrons in the atoms of a crystal 
always tend to arrange themselves in valence bonds, a hole in 
an atom will be soon filled by “another electron from an adjacent 
atom, thereby shifting the hole to that adjacent atom. This hole in 
turn will be filled up by an electron of the next nearest atom and so 
°u * us the holes also move about in the crystal in the same way as 
the free electrons, with a steady drift towards the negative terminal 
<>t the applied external field. The holes therefore behave as though 
_ ley were identical with the electrons but with positive charge. 
Conduction by holes is essentially the same as that by electrons ex- 
.JW* tlm difference in sign of the “effective” mobile charge and 

fast a^the 1 hcf nt e l ec trons usually moving twice as 

V 1 . semiconductors. . Semiconductors, in general, 
imnnri»- ir * 60 " cal behavioiir to the presence of minute amount of 
ternn.1 : l <f > 80 ^at they are partially conducting even without the ox- 

adS«fi UenC60f ^° at , 0rradiatio . n - This is duo to the fact that 
betu n ener gy levels of the inpurity atoms occur in the region 
between the energy bands of the basic material. The atoms of the 
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ma ^ e ^^ er present in the natural material or added in 
c ntroJIed amounts so as to fit into the crystal lattice where they re- 

nins^ fnrtli ° f 5 he a ^ orns _°-f the basic material. To be useful, they 
either ■ ave a critical valency and possess energy levels lying 

above Z h °i°'r *ni 10 j-^ and . em P t y energy states or immediately 

Sr? ™ baiK i-° f 6 6d L 0Vel8 of the basic material. Semiconduc- 

“ , tj s P on in ® ,0 these conditions are known as "donor” and 

acceptor types respectively. 

nr io ’ ^° r ^ ns ^ anc f» phosphorus is present in silicon as impurity 

i_ tt * ( e * in P ro P er minute amounts, it replaces silicon atoms in the 
f , S ^ osphorus belongs to the fifth group of the periodic 

„ f r , ]as f 1VC y alence electrons or one more than is needed to 
Ti ^ ® va erice bonds with neighbouring silicon atoms. 

T^hnrt 6 + 6 ^ valence electron is only weakly bound to the phos- 

] us a om, so that even at room temperature it is set free by the 

Vl rations of the crystal lattice. The electrons thus liberated 
tt , 1 u ^ ^ . electrical conductivity. Such an impurity is called 

conor since it donates electrons to the basic semiconductor. If 

fi lT < | n l er ^ lev( ;l R fc be donor type of impurity lie just below the un¬ 
tied band of the basic material, the fifth unbound electrons can easi- 
y gain thermal energy from the lattice and pass over to that band, 
v ere t iey are then capable of gaining additional energy and momen- 
um rom the applied electric field and so carry current. In such 
semiconductors the current flow is entirely due to electron movement 

of the elect^ ^typ 0 ’ the n signifying the negative polarity 


If, on the other hand, boron is present in silicon as impurity, 
e semiconductor will be of the acceptor type. For boron is trivalent 

a ^+k S r > aS l^etron less than needed to saturate the valence bonds 
vnm lour neighbouring silicon atoms. The valence bonds lacking an 
electron may shift from one bond to another by motion of electrons 
m the opposite direction. Such an impurity is called an "acceptor”, 
since its energy levels lying just above the filled band of the basic 
ma rial are furnished with electrons that make upward transitions 
om the filled band on gaining thermal energy from lattice vibra- 
10 ns. The holes thus created in an otherwise filled energy band 
make possible the flow of current, fpr, electrons in this band may gaiu 
energy from the applied electric field and enter the holes. This transi¬ 
tion creates other holes and the process may repeat indefinitely. In 
such semiconductors the current flow may be considered as due to the 
motion of the holes in the nearly filled band of energy states, even 
though the carriers of current are actually electrons as confirmed b} r 
gyromagnetic experiments. These semiconductors are called p-typ®> 
the p indicating the positive polarity of the hole, which is the ulti¬ 
mate cause for conduction. 

The amount of impurity present in or added to the semi* 
conductor to produce the above results is amazingly small—about 
impurity atom in every 10 million pure semiconductor atoms. 

6 ®^tron-hole activity in a semiconductor is accelerated at 
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high temperatures, so that the conductivity of the semiconductor in¬ 
creases with temperature, which means that the resistance of the 
semiconductor has a negative temperature coefficient unlike a true 
conductor. But the density of impurity atoms is so low that at high 
temperatures (above 600°K), where electrons pass readily across the 
energy gap E G by thermal excitation, impurity atoms contribute a 
negligible amount to the conductivity. However, at room tempera¬ 
ture and below, the electrical conductivity depends almost entirely on 
impurity content, the impurities contributing electrons or holes that 
permit additional current flow, the resistivity decreasing with increase 
in the amount of impurity. The ionised impurity atoms in the lattice 
also contribute to the electrical resistance, since on account of their 
charge they can scatter electrons and even capture them. But the 
coulomb interaction between an electron and a singly charged impuri¬ 
ty atom is greatly! reduced by the dielectric constant of the basic 
material. As the temperature falls in this region, the resistance in¬ 
creases, since electrons or holes are captured by positive or negative 
impurity ions and the thermal vibration energy is too small to re¬ 
ionize them. In the intermediate temperature range between pure 
and impure types of semiconductor behaviour, the resistivity increases 
with rising temperature, due to the increased thermal vibration of the 
lattice causing greater scattering of the Broglie waves associated 
with the electrons or holes. When the temperature reaches a value 
such that intrinsic conductivity becomes important the relative effect 
of lattice vibrations becomes negligible. 

It may be noted that the conduction process in a semiconduc¬ 
tor is slower than in a true conductor. This is because the electrons 
in a semiconductor move slowly as they encounter obstructions due 
to crystal imperfections. The holes move even slower because of 
their progress by jumps through gaps. The mobility of the electrons 
is greater than that of the holes and hence greater current will be 
conducted by the electron-drift than by the shift of the holes. 

It may also be noted that the rapid variation of resistivity of 
semiconductors with temperature makes them important for tempera¬ 
ture measurement and control. Devices made of mixtures of NiO 
with Mn 2 0 2 and Co 2 0 3 , known as thermistors t are available for this 
purpose. The electrical behaviour of this mixture of oxides depends 
only slightly on impurity content, to that thermistors may be 

manufactured as a reproducible product having several technical 
applications. 

practice.the two types of semiconductors are manufactured 
as olloufc. Semiconductor materials are prepared in very pure forms 
y various melting techniques under controlled atmospheres. The 
semiconductor is grown as a single crystal by dipping a small seed 
crystal into the melt and slowly withdrawing it under rotation. 

1 © the crystal is being pulled from the melt, controlled amounts 

may be added at proper times to give the n- or p-type. 

f imme diate interest to us here is to form suitable junctions 

_ W ° make the assembly acquire properties of a 

rectifier or diode and of a triode or transistor. 
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Semiconductor diodes are obtained by forming junctions of 

16 ?i- am p-type semiconductors, \vh*eh may bo done in several 
\\ay s. I or instance, in “grown junction' ”, the n and p regions are 
grown m the same semiconductor by adding controlled amounts of 
( onor and acceptor impurities to a single crystal during its forma- 
ion. A “diffused junction*' is formed by welding a pellet of donor 
impurity on one face of a wafer of an acceptor type of semiconduc- 
toi, t iat the pellet melts and diffuses upto a short distance into 
^ er> ^ iere ^ v crea ting a region of w-type in intimate association 

with the p-type in the same semiconductor. In the “point contact 99 

the junction is produced near the contact by passing a heavy 

current through the point, causing a change in the ?$-type base 

material near the point which apparently converts it to p-tvpe 
material. r ~ L 

a junction thus formed, electrons and holes are available 
in ten and p regions respectively of the semiconductor as carriers 
o current. They are spoken of as majority carriers , since in each 
case they far outnumber the carriers of opposite sign. Each region 
is electrically neutral when the total charges of all the atoms are 
considered. When a potential is applied to make the p-region 
positive, the situation is altered. The holes in the p-rogion are 
repelled by the positive field there, white the electrons in the 
region are also repelled by the negative field there. Hence both 
the holes and the electrons drift towards the junction. The* electrons 
move across the junction and fill the adjacent holes. At the 
same time the holes that migrate to the junction replenish 
the hole supply at that point. Hence a current flows in the 
circuit as long as the e . rn. f. is applied. Under these condi¬ 
tions the junction is said to be biased in the forward direction offer¬ 
ing low resistance to the passage of current. If, on the other hand, 
the p region* is made negative and the n region positive, by 
reversing the direction of the applied e. m. /., both holes and elec¬ 
trons are attracted towards the respective terminals and away 
from the junction. This leaves the junction region devoid of 
charges and consequently the current flowing in the circuit is very 
low’. The junction now appears to offer high resistance to the pass- 
age of current and is said to be J^iased in the reverse direction or 
to have developed a potential barrier. It is to be noted that a 
junction exhibits rectifying property, since it is able to pass more 
current in one direction than in the other, like a diode rectifier, and 
this constitutes one of the manv uses of the semiconductor device. 
Such rectifiers are now produced commercially ; one tyj)e will pass 
2’5 amperes with a potential drop of less than 1 volt and will 
withstand 600 volts in the reverse direction. 

• • _ 

Semiconductor triodes or transistors. It is possible to join 
two semiconductor diodes to form a semiconductor triode, called a 
transistor , This has been achieved, in practice, in the following 
different ways, similar to the junction formation processes 

(a) Junction types. Two types of junction transistors are avail¬ 
able. A groun-in-type which is made by forming a crystal with a 
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very thin (about 0*001 inch thick) flayer between two n -layers of 
greater thickness. Thus by ‘‘doping” the same tetravalent ger¬ 
manium (as the single^ crystal is grown from the melt) with the 
addition of small amounts first of trivalent gallium and then of five 
valency antimony a n-p-n transistor is produced. A crystal may 
also be grown with p-n~p layers to give similar performance. A 
diffused type is obtained when, for instance, a pellet of indium 
(boron or gallium) is melted on each face of a thin wafer of a 
n-type single crystal germanium, so that some of the indium, 
diffuses into the faces of the wafer, there by forming a p-n-p 
transistor. 

(b) Point contact types. These ma} r be considered as a special 
version of the junction type. Two fine pointed wires make 
pressure contact with a face of a n-type germanium wafer, separa¬ 
ted by a very small distance of the order of 0*002 inch. When a 
large current is momentarily passed across the points of contact, 
the heat produced drives a few electrons away from the regions of 
the points of contact, leaving holes and thus converting into p -type 
a small volume of germanium immediately under and around the 
points of contact, so that a p-n-p transistor is effectively produced. 
In a similar number; point contact n-p-n transistor can be made. 

(c) Surface barrier types are produced by electrolytic etching 
and plating processes. Two fine streams of indium sulphate solution 
are played upon axially opposite points on the surfaces of a n-type 
germanium w r afer. At the same time a direct current is passed 
through the wafer and solution in such a direction as to remove 
germanium- electrolytically from the faces of the wafer. The 
tiny sprayed areas are gradually etched away. When the desired 
thickness has been reached, the etching process is stopped abruptly 
by a sudden reversal of current. This reversal causes an indium 
metal dot to be plated on each of the opposite faces of the wafer 
in the etched out portion, thus forming a p~n-p t} r pe transistor. 

Transistors can therefore be classified into two categories, the 
n~p~n and p-n-p types. Their principle of action is illustrated in 



Fig. 220. Principle of action of a transistor. 

Fig. 220. The circuit connections are made as shown in the figure. 
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With the n-p-n type [Fig. 220 (a)], when the diode formed by the left 
liand n-p junction is biased in the “forward direction 1 * by applying 
e. m. j. as shown in the figure, it constitutes a ‘‘low resistance’’ and 
electrons from the w-la3 7 ei* readily enter the hole-rich base region of 
the flayer. It is then said that the n-layer emits electrons and it is 
named the emitter. Upon entering the p region some of the electrons 
combine with holes, but most of them come under the influence of 
the positively biased w-layer of the right hand n-p junction 
and are attracted or collected by it, whence the ?i-layer of that 
junction is called collector. Because the hole-rich central ^-layer 
is so thin, only a few of the electrons are able to combine with 
holes in the base and 95 to 99% of the emitted electrons reach the 
collector and cause a collector current to flow from base to collector. 
The ratio of the collector to the emitter currents is, therefore, of the 
order of 0*95 to 0 99. It is to be noted that (1) the emitter is always 
biased in the forward direction t while the collector in the reverse direction 
and (2) the transistor is formed by joining two semiconductor diodes 

back-to-back. 

With the p-n-p type [Fig. 220 (6)], the circuit connections are 
reversed, so that the left hand p-n junction is forward biased , so 
that its p -layer constitutes the emitter according to the general 
rule stated above, while the right-hand p-n function is back-biased 
and its p -layer is the collector. The positive emitter injects holes 
into the ft-type base region (or attracts electrons from the base). 
Those holes attract electrons from the negatively biased collector 
and cause a collector current to flow from collector to base. A few 
of the injected holes combine with electrons in the base region so 
t hat once again the ratio of collector to emitter currents will be of 
the order of 0*95 to 0*99. 

The diagrammatic symbols for n-p-n and p-n-p transistors 
arc shown below their respective circuit diagrams in the figure, lbe 
direction of the arrow on the emitter terminal in each case shows 
the direction of easy current flow. Apart from the different polari¬ 
ties and directions of current flow, the p-n-p transistor resembles 
the n-p-n transistor. 

From what we have said above, it is readily seen that a transis¬ 
tor must have the following three basic components :—(t) emitter 
( H ) base and (iti) collector . The emitter injects carriers into the base 
(electrons in the n-p-n type and holes in the p-n-p type) and is the 
counterpart of the cathode in a thermionic valve. The collector 
attracts the carriers through the base and causes a current to flow 
through the transistor ; hence it corresponds to the plate of a thermio¬ 
nic valve. The base is biased to control the flow of changes through 
the transistor and is the counterpart of the grid in a valve. Thus 
WC have a semiconductor triode capable of performing the functions 
of a triode valve. 

Amplification produced by a transistor . If the potential of the 
base with respect to the emitter is varied by the signal introduced in 
the emitter circuit as in , Fig. 221 the flow of electrons will be 
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modulated in accordance with the varying base-to-emitter potential. 
Although the ratio of the collector output current to the emitter 
input current is less than unity (of the order of 0-95 to 0-99) as 
explained above, the transis- ’ ' 

tor is nevertheless capable ^ fo n 

of both voltage and power 
amplification, because the 
emitter or input current flows 
in a low-resistance circuit, 
while the nearly equal collec¬ 
tor or output current flows 
in a high resistance circuit. 

Referring to the emitter- 
base low resistance circuit 
a very small change in base- 
to-emitter voltage will pro¬ 
duce a large change in emit- Fig* 221. n-p-n transistor as an amplifier 

rf £ with a correspondingly large change in collector current 

10 obtain this same change in collector current by means of a voltage 
applied between base and collector would require for this high resi's- 

<rrplL Cl ?\ i? UH T Ch larger volta S e orange, of the order of 1000 times 
T n the ba ® e " to ' e mitte r voltage change. This implied voltage 

SSn ° realised by l ,lacin “ a hj gh resistance of the 
Z er ? 10 ' 000 oh ,| ns ln se »es with the collector-base circuit as load 
the em^tf glng • 00 .eetor current produced by the signal introduced in 

this dovelo P a much lar ger output voltage across 

lwherey‘tl,f lnce !‘ 6 < T tput volta 2 e 13 greater than the input voltage 

The\ t lisSef P ° Wer T alS °c be ^ ater tha " 3“ 4ut power 

fow as lO mtr! 50 d0Clb ! n f re P 09sible w ‘th emitter currents as 
w as microamperes at 0*1 volt. 

ai Current amplification a is defined as the ratio of the change in 

CL) to . givoo ohoog. ta ZVZZt g W 

which produces it, and for junc¬ 
tion type transistors this is of the 
order of 0*95 to 0 99, as already 
stated. In the point-contact (p-n-p) 
transistors, shown in Fig. 222, much 
higher values for a are possible. 
For, on account of the close spac¬ 
ing of the contacts (0*002 inch 
about) some of the holes injected 
^ho emitter (E) flow directly 
d ~ across to the collector (C) and 

there create a positive space charge 

p . is attractive to electrons, 

jg. .Pomt contact transistor. Was increases the flow of electrons 

into the base from the negative 
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collector. In consequence the collector current may be several 

times that flowing in the emitter circuit and values for a of 2 or 3 are 
to be expected. 

A comparison of triode and transistor amplifiers is illustrated 
in Fig. 223. In the p-n-p transistor shown, the base requires a posi- 
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I 


Fig. 223. Comparison of triode and transistor amplifier. 

tive power supply voltage with respect to both the emitter and 
collector. The negative voltage bias on the base is low compared 
with that of the collector. For the n-p-n transistor the polarity of 
th ese voltages is reversed. The input impedance of a transistor is 
low, about 600 ohms, compared with about 1 megohm for a valve. 
The transistor output collector impedance is high. 

It is to he noted that in transistors signal energy is re¬ 
quired to modulate the injection of carrier into the semiconductor 
in order to modulate the carrier current. Hence a signal source em¬ 
ployed with a transistor must deliver current and the transistor is a 
1 Hovi-impedance current-actuated*’ device. Herein the transistor basi¬ 
cally differs from the thermionic valve, w r hich is ordinarily a “ high - 
impedance voltage-actuated" device , where the electron current is modu¬ 
lated electrostatically by a signal voltage, so that no signal current 
is required. 

It is to be remarked also that three basic circuits can be used 
with transistors :— 

(1) the common-base (or grounded base) circuit corresponding 
to a grounded grid circuit of its valve counterpart, 

(2} the common-emitter circuit corresponding to a grounded 
cathode, and 

(3) the common-collector circuit corresponding to a grounded 

plate. 

As in the case of the analogous valve circuits, the characteris¬ 
tics of three basic circuits differ. The common-emitter circuit is 
the one most frequently used, as in the case of valves. 

Multi-stage amplification can be obtained with transistors as 
with valves using either resistance*capacity or transformer coupling. 
Resistance-capacity coupling has the advantages of compactness, 
light weight and relatively low cost. Transformer coupling has the 
advantages of higher gain, less loss, lower d.c. voltage supply ana 
better operating point stability ; but its disadvantages are th© 
greater size, weight and cost. Both types of coupling are used m 
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practice. As with valve amplifiers, push-pull circuits are often used 
tor the output stages of transistor audio amplifiers. 

Any transistor amplifier can bo made self- oscillatory by feeding 

a portion of its output to the input circuit in proper phase, as in the 

case of vacuum tubes. Transistor oscillators are used when low out¬ 
put power is needed. 

' Tk us most operations employing valves can also be performed 
'vi 1 transistors. Particularly at audio frequencies, transistors 
possess many practical advantages which will often dictate their use 
instead of valves. Their small size, light weight, longlife, ruggedness 
are important advantages, and their low power requiremenff make 
battery operation feasible and economical. Tests indicate that the 
° ft transistor is several tons of thousands of hours which 
moans that a transistor, under favourable conditions, can operate con 

CZ y ^ a0V6r f 1 year9 ' UQ,ike ™ lve8 ’ transistors are prleticX 
tor d c T age due , t0 mechanical shock and vibration. A transit 

it a n * r ^ ament to be heated. The voltage and current at which 
.perates are considerably lower than in valves. This means that 
heat generation during operation is negligible. Further there is no 

begins “»«r. 

Transistors have certain shortcomings as well Pat* + 

Jith decrease of amplification .“dZrZT rf “„Z 1 Ja^c” C ' ,d ; 

interchangeability of P transistors. vanatl °ns in gain and to allow 

clusivel t y a SX f Sdw?Xrn t o i0n t tran8istore are almost ex- 

have higher gain, better efficiency lesri*? ^ unct ^ on tra nsistors 
and less noise. Their Doorer hint?* 6Sf L distortion, greater stability 

their use at radio frequencies il 8 n' f f eqU0 “ Cy Pf rf «rmance which limits 

qucncies. New typer^rnsmwL 3eMO R 8 ' handica P at au dio fre- 

•tunnel dioclfs” iTthiT L “T* a8 ‘.‘ drift ”. “mesa” and 
satisfied with absorbing very little^urrent t t r ^ nsi8 ^ rs are no longer 

because their conductivity has become negXo & ° Fb n ° nC &t a11 ' 

decided advantages over the vacuum^Tk acc °unt of the several 

fora number of applications wwXh 68 * transi8tors be ideal 
found unsuitable. Vv’e shall i)o^bri (| 4 !“ 10 “ ic valveB have b een 
tions already realised briefly state some of the applica- 

(a) Pocket radio seta. PortAhin n 

sets, very small in overall size hut ’ * . traa8 i s tor superhet receiving 

h «™ constructed * d SLt 1 «!™« f “" lond.?»kcr trotaZ® 

piaceu in the market for sale. 
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(6) Electronic computers are devices in which the counting is 
performed with pairs of thermionic valves in a “flip-flop” circuit 
which has two stable states and can be tipped by a pulse from one 
to the other. Any single electronic computor usually employs some 
thousands of such circuits, so that the heat generated becomes quite 
a problem and sets a practical limit to the number of valves that 
can be used in the apparatus. By the use of transistors in the place 
of valves, this difficulty is entirely removed, besides the considerable 
saving in space and the extension of the upper limit secured. 

In the last three years, most of the limitations of transistors have 
been overcome. Their maximum power has risen from 2 to 50 
k.w., frequency from 50 million to 3000 million cycles per second. 
This means that not only the field of television but also the realm 
of ultra high frequency is now open to transistors. 

fine structure of spectral lines 

Since a .spectral line arises due to the transition of the atom 
from one energy state to another, in the interpretation of the fine 
structure of a spectral line, one must necessarily start with the deter¬ 
mination of the different possible energy states. Then by the use of 
adequate selection rules the states between which transitions actually 
take place are picked out. Such transitions should account for the 
observed fine structure. 

The different energy states of the atom between which transi¬ 
tions can take place have come to be known by a special name in 
spectroscopic study, vizspectral terms . The problem of the fine struc¬ 
ture is thus essentially a problem of spectral terms. When the latter 
is solved, the former is readily understood. Hence in the application 
of the vector atom model to the fine structure phenomenon, it must, 
first of all, be seen how the model can be used to fix up the spectral 
terms involved. 

For the sake of clearness, the fine structure in optical and X-ray 
spectra will be considered separately, as the notations used in the 
two cases are different. 


OPTICAL SPECTRA 


Spectral terms, In the classification of the spectral terms by 
the use of the vector atom model, it is convenient to divide atoms in¬ 
to two main categories, vizone-electron system and many -electron 
system . 


atoms belonging to the first class have only one valence or. 
ctron, e.g., hydrogen and hydroeen-like atoms, such as the 

rri. _. j . i __ if_ _cntrpni l 


The 

optical electron, ui uih nj —■— . 

alkalis. Even if the atom of this system actually contains sever* 
electrons, all of these, except one, are interlocked in closed shells, 
which, in consequence, do not contribute to the total angular momen¬ 
tum of the atom, according to Pauli’s principle. Hence the single free 
electron in the outermost shell is alono effective in determining the 
spectral properties of the atom. • 


FINE STRUCTURE OF SPECTRAL LLNES 

cal at ° m:i ° f the , seeoud class ,lave mnre <ha.n one valence or opti- 

Tl ev ' Tt’. fr r electrons not interlocked in closed shills. 

pnmerS,, ^ T “J h , enC6 beeome cff cctive in fixing the spectral 

1) e g ”- 16 a kal ! ne earths * belonging to the two-electron 

system ' ti t a 77 , 7,7 S Ca f n d 1 u ^ - etc -> belonging to the three electron 
} , itannmi to the four-electron system and so on. 

the atoml'? 7 '!! i th ® ® ne - electron system,'since the state of 
t .evihTes aa a whoIc deter “ m e d by that of a single free electron, 

L s i t J ref ? rr ,‘ ng t0 tho e!ectr01 ‘ ^c equal to those of 
*: , J . defining the whole atom. Hence S = s L + >/, and the 

therelore give ri^HwlTT. a ~, 7 + Ij ' S fcwo ; T)l,s system will 

of the PrnTL. on,y «> doublet terms with the exception 

atom i e S to ^ t y m | , wluch corresponds to the normal state of the 
J are only two viz J™’ ^ Present case, the possible values of 
J = -l i/. ~ L + and - 7*)- Now if L = 0 , 

alwavT « J 7 -* 1 - C ° t le net an g u| ar momentum of the atom is 
5 ,“ + ?, ^ ,T *!>« only value of J i„ , his ca» " 

or 1 /■>i r il i u. h means » singlet. I f L = ]. J = i + >r • 
or 1/2 (doublet). For L = 2, J = 2 +'y~ ie *./•> \ o ,'j ’ Z", 

and so on. / 2> l *c., or 3/2, (doublet 

of the^tomSu be'd! e teJm°“ 7 r te t ?’ 011 the ? ther hand - the state 
In consequence , f y tbe T Statas of sev cral free electrons. 

"’HI be Um resultant of th’ S “7 J 1 efinmg the stat ® oft be atom 

Hence the value of 7 7 ! T rS l’, 6 ' and 3 °f those electrons. 
3/2,2 etc 17“ rH? ? X n0t alwavs i/ 2 ’ hut may be 0, 1/2 1 
tl e r oHentat ons 8 7 , nUmbCr ° f free electrons invoked and 

multiplichy^ Ti ^’noTnil 7 anti -P a r Ue1 ’ P- 630) and To 

2 when S = 1/2 3 w l77 8 7 7T * n al ’ cas ® s > but is 1 when S =. 0 , 
and so on Thus'tho -ki / ^ when S = 3/2, 5 when S = 2, 
be one, two three ^ T ° f J f ° r a given ^lue of L may 

s»glet or mukiplet ’ h meanS each state may be a 

* >^‘ t tTlrS! r0 YXT l i 3i ' m 1 S ,~ 0m '.‘h« state can be only 

•aeh state ea„ be a djujor u .Z^Z l “ S , ” ‘/ 2 or 3/2. 

since S = 0 1 or 2 <t4nnh>i • * i* 1 the four-electron system 

odd electron ’system, ITf*’ n? aro possible. In general 

have odd number of t7rZ nUT 2 f te T s ’ while ev ™ Matron sys 
terms of succes"ato£ [n tho Ac 0 . Ord,ngl .V- the number of special 
nate between even and odd P enodlc table of electrons will alter- 

also. B ?or h 1 t g co““7o7drto7 a !77 yS ^ T inglet in this s y s *«“ 

assumo values 0, 1/2 1 3/9 „+ — S Now, since S can 

S ,.= L = 0 , the poss ble v’alui ’f 17 18 7 ° Ver less t,lan L For 

pllc, ty of the state is given bv ? 2 T 7 7 f = 7 . h f n S > L - the multi- 

Possible value of J as 8 mie by (2L + i) whlc h leads again to the 

42 
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Limitation of term multiplicity due to Pauli’s principle. 

Pauli’s exclusion principle causes, however, the multiplicity of terms 
not to attain always the maximum (2S + 1) values which are to be 
expected from the number of free electrons involved. Taking, for 
instance, the case of an atom with 6 electrons in the L shell, at first 
sight, one expects the multiplicity r — (2S + 1) to attain the maxi¬ 


mum value of 7 on the assumption that the spins of ail the six elect¬ 
rons are similarly directed thereby leading to a value of 3 for S. But 
such an arrangement of spins cannot take place without violation of 
Pauli’s principle. For, in this case, n — 2, l = 0 and 1 ; can have 
only four values, viz., 0 corresponding to l = 0. and 1,0, — 1, corres¬ 
ponding to l — 1. Now if we associate with these 4 values of vii six 


Uke values of rn s , i.e .. all either + 1 / 2 or — 1 / 2) the result would be 
that more than one electron will have identical quantum number as 
shown below : 


Lj (n = 2, l - 0) 

Lii (n — 2,1= 1) 

m t = 0 

+ 1,0,'— i- 0 

= “f~ 1/2, +1/2 i 

+ 1/2, + 1/2, + 1/2, + 1/- 

The correct arrangement is 


1 

O 

+ 1,0, -1 

™,= + 1/2, -1/2 

+ 1/2, + 1/2, + 1/2,- 1 ! l 


Hence only four of the six electrons can have similarly directed 
spins, (i.e., same sign for m s ) while the other two must be directed 
oppositely. In consequence, the value of S reduces to 1, from whic i 
it follows that the actual multiplicity is only 3. Another inference 
is that, as a slid 1 is gradually filled b 3 r the addition of successive 
electrons, the term multiplicity first rises and then falls, the varia 
tion being symmetrical with respect,to the middle of the shell. 


Notations of spectral terms. The states of the atom, in 
which the values of its L vector are 0, 1, 2, 3, 4, etc., are symbo r- 
cally represented by the capital letters S, P, D, F, G, etc. re spec ' 
ively. The value of J is appended to this sj^mbol as a subscript an 
the multiplicity of the state r written as a left superscript. 


1 Q 1 '2 

Thus the spectral terms corresponding to L — 1 and o == I** 
are written as 2 Pj/ 2 and 2 P 3 / 2 , For, since L = 1, the capital le ^ 
which represents the state is P, the multiplicity of the s 
r = (2 x 1/2 + 1) = 2 which is put as a superscript ; S | 11C 

J = L + S - 1 ± 1/2, i.e., 1/2 or 3/2, these arc put as subscripts. 

To take another example, the notation 4 D 5 , 2 specifies a spectral 
term, belonging to a state whose L — 2, J = 5/2, multiplicity r — 
and hence S = 3/2 (from r — 2S -pi)* Since the possible va ucs ^ 
J are four, viz. f 7/2, 5/2, 3/2, J/2, the above notation refers on } 
one of the four terms of the given state. 
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In the atoms belonging to the one-electron system, since every 

state is a doublet, except the ground state, the notations for the 
spectral terms in these atoms are 

2 Si/ 2 , 2 P 1 / 2 > 2 P 3 / 2 , 2 D 3/2 , *D s/> , 2F s/2 , =F 7/2 , etc. 

nW ie i m A r l y ' eleCtr 0 J l syst f“ atoms > the notat,ons will be more oom- 
ire avaUable^ ““ ® 7 Written ’ P rovided the necessary data. 

on all\lZ7evenTaU t onh he muUi P l J cit y s V mbo1 of the system, is used 

nf tl! ZT/v 1 f U f - kem are not P resent - Thus the ground term 
of the alkali atoms is written as *S I/3> although the multiplicity is one 

arrlf? yaking write >S j/2 . But this method has the 

as ns zrJi sar w *• 

only thV S vcc^ W rs Se T lm |° o rta . nt T t0 “°^ th f fc the vector “odel, where 

maentudlof L «' S J are in T olvcd ’ cannot determine the 

terms since th^totT' 8 ’^ corres P° l ndin g to the different spectral 
ms, since the total quantum number n, necessary for such a deter 

mutation, does not directly enter in the fixing up of the spectral 

terms. Yet the three vectors, L, S and J characterise the different 

energ y states in such a definite manner that they may be used with 

out the intervention of», to predict which transitions between the 

“* Pemi “ ed and ^ Which lines 6 

the nt Fil *r StrUCtUre - As R P ftctral li»es arise due to transitions of 

i . r° “° tl,er ' “ " '“r *» 

general ^vay, how complex lines mav annpar wUn +i 
•over, spectral terms for a given atomic stato defined by thcTeetor 

except'",‘hc° 1'tlbler'mStlSTb ’t '“*/ 

^ «■».,' to°” c b o e „r“,,y th ?“ 

tensity, ZIS ; f ‘ f r6ganls their and in- » 

ation 7 selectlon and intensity rules must be taken into consider- 

the fine structure^expected ^ttf be^ 6 n J any ' electron system 

knowing the L” 7 ult *Pl‘citios involved. But here also, 

mles, the observed fine structured* y { se l ec ti r, n and intensity 
remarked that on accTunt ofthe f" ? counted ^r. It is to be 
free electrons responsible for the sn'* P ro P ert y of closed shells the 

ber. Hence the coZlexit of the fin ^ re mitCd l ° a Smal1 num ' 
creasing from one end to thel? h " e -structure does not R o on in- 

tion rules also, in thoij turn nJt a°r periodic tab le. The selec 

structure. Likewise the limitations oft* ° n th . e . complexity of fine 

Pauli’s exclusion principle may reduce the^ mu , lfcl P hcit y arising from 

1 may reduce the complexity still further. 
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The se general principles may now be applied to the interprc* 
tation of the fine structure in the two simple cases, already mention¬ 
ed, viz , the sodium D line and the hydrogen H* line, to serve as 
illustrations. 


FINE STRUCTURE OF THE SODIUM D-LINE 

As we have already seen, ten out of the eleven electrons of the 
normal sodium atom are interlocked in closed shells, so that the 
eleventh free electron alone is responsible for the spectrum. The 
spectral lines arise from the various orbits which this single electron 
may occupy beyond the two closed shells and the state of the atom 
as.a whole is determined by the state of that electron. -For the same 
reason, all the states of the sodium atom except the ground one are 
doublets. 


With the simple theory of Bohr it has been shown that the D 
line belongs to the principal series which are due to transitions from 
the P state to the S state. Now for the upper P state , L = 1, J = 
3/2 or 1/2 so that two terms are possible : 2 P 3/2 and 2 P x n- For the 
lower S state , L = 0, J = 1/2, so that only one term is possible : 2 S 3 /s* 

The transitions that can take place between the two terms of 
the P state and the single term of the S state are two : 


2 P l/2 2 S 1/2 and 2 P 3/2 2 S l/2 

I 

Now applying the selection rules aL = 1 and a J = 0 or 

1 (excluding 0 0 ), both the transitions are allowed, which ex¬ 

plains the doublet fine struc- 
LJ ture of the sodium D h 11 ®' 

(-j- 1 z/z The component (5896 A ) 

>| is due to the transition 

1 - 1 - 1 J /Z P ,/2 -► Sj /2 and the Vt 

m n component (5890 A ) 0 

o__ 1 v _ o ih ^ 3/2 S 1/2 (Fig. 224). 

Fig# 224. According to the genera 

intensity rules, D 2 w1 ^ j 

more intense than D p since for D 2 , aL = - land aJ == " 
while for Dj, aL = — 1, but aJ = 0. 

Applying the total intensity (2J -f- 1) rule it can be shown thaf 
the ratio of the intensities of D 2 to D x is 2 : 1, which has been u 
confirmed by observation. 

Note# Fine structure of lines 1 in the other series of 
the sharp series arises due to transitions between the S and r a 
the lines in it will be doublets , as in the principal series. 

The diffuse series arises due to transitions between the P 
states and hence the lines in it should be triplets, since o 
states have two sub-terms each : D 5 / 2 and D 3/2t P 3 / 2 anc * p /2 

transitions are therefore possible : D 5 ^ 2 ^ 3 / 2 * P 5/2 -**iit* -^ 3/2 T ___ g 

and D 3/2 — P l/2 . * Of these, D 5/2 P l/2 is forbidden, since A J - 


3/2 


Di 


Fig. 224. 


LJ 

•2 3/2 

-U/z 


O'/z 


As 
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The alines D 5 / 2 -> P 3(2 and D 3 , 3 P ]/3 will be intense, since 

,r _ , an( ^ ~ 1> while D :t(2 P 3( 2 will be weak, since 

'"j - . 1 and * J , = °- Experimentally, with ordinary resolving 
power instruments the weak line is not seen. When it was first dis 

ZZ d ; lt k“M lle r a “ sateJlit0 ” of the apparent doublet formed 
oy the two brighter lines.' 

lets an?i U rl I 1 ? chi ? f *P ectrum of the alkalis should consist of doub¬ 
lets and triplets and theory accounts for them very well. 

FINE STRUCTURE OF THE H * LINE 

As the hydrogen atom, in whose spectrum the line annearo 
belongs to the one-electron system, L = l. S = s and J = j i„d all 

According to the simple theory of Bohr, the H a line, the first of the 
(n =3) S tot e he secoSd^n = t 2 ‘j anSlfcl0n from the ,llir(1 quantum state 

2. U^ingufe refaTion'j ~ L ± S^ce Shi this ° f Va! i UeS °’ h 
and 4,r SS ’ 6r ° f tCrmS arC five > ® fe - ,D «n. 2D a/ 2 , j P3 /2 , 2 Pj/ 2 

. . F ° r the } ower state ( n = 2), L can have two values Oand l 
Which g,ves the possible number of terms as three, t J Vk ap 1 ’ 

anu o 1/2 * L 3/2» Pj /2 

. Fifteen transitions are theoretically possible betweon tu a 
terms of the upper state and the three term^f tL , Cn the five 

the selection rules a L= + 1 „ d ? } erm ® of the |ow« state. But 
mitted transitions to the following se^enT ° ° r ^ reduce the I ,cr ' 


D, 


5/ 2 


P,, 2 , D 


3/2 


P S / 2 , D 3 , 2 -> Pws.P^^S^, 



Pl/ 2 , -> S„ 2 , S 1/? P 3(2 an( J g ^ 2 


P 

r i t 


S' Two pairs in separate cases of these sevon 1 ^ 

Axe identical, viz. n all °wed transitions 

• D 3 ^ f hit and P 3(2 S„ 2 , P J/S ^ s. , and S ^ i> 

since they represent transTtioSTf^tween coincident 1 P, ' 2> , 

hose L value differ by unity, but J values are the .same. *'*” leV ° Is 

u i . Tak i n S ^ llto account these identical lines th* a * 

H * line should have five components * ^ ne ^ucture of the 

Applying the intensity rules, the two strongest ooty^t 

ii^est components are : 

®s/2 -+ P 3/2 and j p 1,2 P./. ) 

since they are of the type a L = - l, 1 * jt _ / 

The two components D,,„ -> P r, 

tense, being of the type aL '= _ 3 / 2 ' T^! , n '*®' ,jar9 ^ s ' n ' 

^.-P,/, is Still weaker, since it 1. of 7ho t .y^V^ITT 
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aJ = + 1. The weakest line would be S l/2 -v P 1/2 , ( aL = + i, 
A J — 0), but it is fused with P ,,2 —> S 2 / 2 for reasons given above. 


* 

Energy level diagram : (Fig. 225). The coincident levels are re¬ 
presented by horizontal lines drawn close together. There are two 

such levels in the upper 
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The five components are marked 1 , 2 , 
I a , 1 ^, I c , II h and II C respectively. 


state and one in the lower. 
The other lines represent 
the neighbouring levels. If 
we call those vertical lines 
w hich terminate at the 
upper level of the lower 
state as group I and those 
which terminate at the 
lower level as group II 
and if we number the ini¬ 
tial levels of the upper 
state as a, b and c, in so 
far as they do not coin¬ 
cide, then the two identi¬ 
cal pairs are II& and ll c - 

3, 4, and 5, corresponding to 

■r * * 


According to the intensity rulcs } the strongest components are 
I 0 and 11* (1 and 4 ). The components I?, and II<. (2 and 5) are ess 
strong. l c (3) is still weaker. 

In practice, not all the five components but only doublets can 
be observed. This is due to the fact that the five components a^ 
merged together by the Doppler broadening caused by the t er ‘ 
motion of the molecules. Very careful experiments conducte . 
R. C. Williams, in 1938, where the Doppler effect was reduced t 
great extent by the use of a liquid air-cooled discharge tub© con 
ing deuterium, revealed three components. 

X-RAY SPECTRA 

Spectral terms. We have seen that each X-ray energy^ ^ 
represents a state of an atom which has one electron missing 
closed shell (cf. p. 604). Pauli pointed out that in a c ™^ ectra l 
in which an electron is missing from a completed shell, * n V F g h e Jl. 
term is the same as if that one electron alone occupic cuonds 
This means that the term scheme for X-ray spectra com P ^ 
to the one-electron system, such as hydrogen, alkali m ^ th© 
Moseley’s researches on the characteristic X-rays also sv f>° tg0 { 
same conclusion, rtz., that the terms involved in X-ra} spec 

the hydrogen type ( cf. p. 606). energy 

The notations used are, however, different. 7 ^ Specifyi n ^ 

states are designated by the capital letters K, L, M, © C ' TVir S e i not 
the shells to which they refer. According to the vec or _ n un 3 - 
only each of these states is characterised by a total qua 
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ber n, (being 1 for the K state, 2 for the L state, 3 for'the M state, 
etc.) but also all the states, except K, are further spilt into sub¬ 
groups, L into two, M into three, N into four, etc. 

For, using the fact that an atom emitting X-rays is assimilated 
to the one-electron system, it follows that in the mechanism of X-ray 
emission, L = l, S = s t J = j, so that J — j = l -f- i/ 2j and that 
every distinct state of an atom except the lowest is a doublet. Hence the 
K state (n = 1, l = 0) corresponding to the lowest ground state is a 
singlet. The L state (n, = 2, l = o, 1) has two sub-groups. The first 
sub-group (n = 2, l = 0) gives one terra, while the second sub-group 
(n == 2, / = 1) two terms corresponding to the two different values of 
viz., 3/2 and 1/2. The L state thus having three possible terms is 
a triplet. The M state (n = 3,1 — 0, 1,2) with three sub-groups gives 
rise to quintet, one corresponding to l — 0, and j = 1/2, first sub¬ 
group), two others to l — 1 and j = 3/2, 1/2 (second sub-group) and 
the last two to Z = 1, and j .= 5/_\ 3/2 (third sub-group). The N 
stale (n —4, Z = 0, 1, 2, 3) with four sub-groups is a septet compos¬ 
ed of a singlet for l — 0 and three doublets for l = 1, 2, 3. The 
term multiplicity does not, however, go on increasing, Pauli’s prim 
ciple putting a limit, the next 0 state is a quintet and P state a triplet. 

fhe term multiplicities of the different X-ray energy states 
thus derived from theoretical considerations arc confirmed by experi¬ 
mental observations such as the spectra of the secondary, corpuscular 
rays and the X-ray absorption limits (cf. p. 448 and p. 611), * There 
are in all 24 different terms which are quite sufficient to re¬ 
present completely the X-ray spectra of all the elements* They 

are denoted by the Roman numerals attached to the capital letters 
representing the states, e.gt 

K, Li Lii Lin, Mi Mn Mm Mi V My, etc. 

They indicate all the possible combinations of l and j for given values 

ol n. 

Fine structure. The X-ray lines, in general, will arise d ue to 

ansitdons among the 24 different X-ray terms. But by the selec- 

ton ru es transitions can only occur subject to the conditions 

trn — 6 or ± 1, so that the number of possible 

• ions between two states is thereby considerably reduced and 

m consequence the number oi fine structure components of the 
A-ray lines will be limited. 

. ^ fLe tr&usition ends in the K state the corresponding radia- 

1?i " . callo,la K line ; if it ends in the L state, a L line and so on. 
(i ,, S ppme of these general classes are distinguished by small 
If *i eisin accordance with the tallowing recognised convention • 

<t a tI C , wf t 0 . n takes P lace betweeit the different terms of the 1. 

• • nc ic single term of the K state, the lines are called K a 

P c - ; lf froni the different terms of the M state to the K state’ 
Kb„ Kfs 2 , etc. Thus a general classification is made as K, L, M lines 
etc., according to the final state of transition, while the particular 


664 


PHYSICS OF THE ATOM 


classification of the individual fine structure components of each line 
is made according to the terms of the initial state of transition. 

These points are illustrated in Fig. 226. The term scheme of 
the four states K. L, M, N alone is drawn. The valuesof n t l and j, 



for each term are indicated. Some of the fine structure of the K 
and L lines are marked. The continuous lines represent the permit¬ 
ted transitions giving rise to the fine structure components while 
the dotted lines indicate transitions forbidden by the selection rules. 
As one proceeds to elements of higher and higher atomic number, the 
number of terms involved and consequently the number of fine struc¬ 
ture lines will increase. This clear and simple interpretation of the 
fine structure of X-rav lines in a single scheme was obtained in 192/, 
thanks chiefly to the work of four physicists. Smekal, VVentzel, Coster 
and Bohr. 

Thus the fine structure of spectral lines, both in the optical and 
X-ray regions, finds an adequate explanation on the basis of spectral 
terms determined bv the vector model and of certain selection rules. 

4 

It should be emphasized that the fine structure of spectral lines can 

be satisfactorily accounted for onlv by the introduction of electron 

^ * ** 

spin. 

Quantitative treatment of the effect of electron spin on 
the fine structure of spectral lines. We shall deal hen? with the 
ease of one electron system alone, t.e.. where there is only one free 
electron responsible for the optical spectrum, such as the hydrogen, 
ionised helium and alkali atoms. The vector model adequately c *‘ 
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plains the line structure of such a system, but only qualitatively , by 
pointing out the doublet nature of the spectra] terms involved on the 
assumption that the electron spin s may be either parallel or anti¬ 
parallel to the orbital vector l. We are now going to estimate quanti¬ 
tatively the effect of spin on the fine structure by considering the 
energy change caused bv the spin action. 

According to Sommerfcld’s theory of fine structure, the magni¬ 
tude of the relativity correction term is given bv the expression * 

^ <S 7T l mZ' 4 e H / n 3 \ 

-sr(i--T) - (') 

where a Er represents the energy change due to relativity correction. 
n is the total quantum number, lc = n 9 is the azimuthal quantum 
number, related to the orbital quantum number l by I ~ lc — 1 and 
the other symbols have the usual significance. 

The introduction of the electron spin necessitates the addition 
o another correction term which may be called the ‘spin correction 
For, the magnetic field produced bv the orbital motion of the elec* 
tron and having the direction of l (or k) will act on the small magnet 
arising from electron spin and tend to pull it into its direction. ^But 

this turning action of the orbital field is opposed by the rotational 
inertia of the spinning electron and the resulting effect is a proces¬ 
sional motion of the spin axis about the axis of the orbilai field. The 
relative motion of the l and $ vectors to each other, is, however go¬ 
verned bv another condition, the / and 5 vectors together must 

orm the resultant j vector which, for its part, is fixed in space and is 
invariable value. It follows therefore that the l and & vectors ro- 

ahAii«°^ e ^Tu aS fr system and perfornft a processional motion 

The effect of the precession of the spin axis in the orbital 

wi /. ls to cauS(J a change m the energy of the atomic system, which 
ui introduce an additional correction term. 

in e,10r «y <,ll ° to s P* n action may bo compute.] as 

♦ i,,i C ?? sider au electron of mass m and charge e describing an ellio- 

* . •y° ,,nd a nucleu ? eliargo Ze. situated at one of the foci 

coordinates (Fig. 227 ). P 


When the electron is. at D (of 
coordinates r and let its instantan¬ 
eous velocity be v et marking an angl^ 0 
with the radius vector r. The angular 
velocity of the electron at the 
instant considered is given by 

w " sin $) I r and its angular 
momentum p 9 , assumed constant, by 


’ A 

tT>, e 


ze 


tf ; 




P 9 


i*x/ 


Fig. 227, 


ftciz . {t/ g si a 0 I r) — ear sin V. 
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Although we have postulated a stationary nucleus and a mov¬ 
ing electron, the result would be the same if the electrons were treated 

3^ ^ ^ t* ^ ^ 1^ n ^1 tlie nucleus moved with a velocity t>«, 

equal in magnitude hut opposite in direction to v e , The motion of 
the nucleus will produce at I) a magnetic field Hu , whose magnitude 
is readily obtained by the Biot, and Savart law as 

tt- Z e v n sin 0 


and whose direction wili be parallel to that of the azimuthal quan¬ 
tum vector k. Further, since v n — v c , the instantaneous value of the 
orbital field, which is also IId , is given by 

xr Z e v, sin 9 Z e . 

jri D — -- -— — -- . m r v, sin 6 

c m cr 4 


Z e 

T ' — -I 

m c r 4 r m c r 4 


Z e h 

7, . fC 


27T 



On account of the magnetic moment arising from electron spin, 
the spin axis will experience a torque in this magnetic field Hn. 
1 he effect of this torque is to cause the spin axis to precess round the 
field direction, which results in a change in the energy of the s} T stem. 

This energy change may be obtained, by analogy, as follows : 

Taking the simplest case of an electron describing a circular or¬ 
bit ol radius r in a plane at right- angles to a magnetic field H, since 
the orbital motion of the electron gives rise to a mechanical momen¬ 
tum Pi as well as a magnetic moment /u 7 , the electron will execute a 
precessional motion round the field direction. By Larimor’s theorem, 
the effect of such a precession may be considered as merely a change 
in the angular velocity of the electron by an amount O — eH j2nic,0 
being known as the Larmorprecessional velocity ( cf . p. 76). 

If r 0 and o> 0 be the linear and angular velocities of the electron 
in the absence of the field, the kinetic energy E 0 of the electron in 
zero field is given by 

E 0 = 3 / 2 m?; 0 2 = Vz rnr 2 w 0 2 

If and w H are the changed linear and angular velocities 
under the action of the field H, the kinetic energy E n of the electron 
in the field is 

Eh = */ 2 2 = 1 /g wir 2 a>n 2 

By Larmor’s theorem, 

oj h = cu 0 + O, where O = eH/2 me 

Eh = wr 2 {wq -J- G) 2 

Hence the change in energy A E^ due to the Larmor precession 
of the electron is 

aE; - E h — E 0 = m r 2 a> 0 . O, 
neglecting second order quantities. 
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Since the orbital momentum p t is equal to mr 2 w 0 

aE, = O . pi 


We have assumed the axis of f p l to be parallel to the direction of H. 
If, hoAvever, it is inclined at an angle to tiie field direction, the above 
relation becomes aE, — 0 . p t . cos (p ly H) where (p h H) is the 
angle between the orbital axis and the field direction (Cf. Fig. 217 , 



By analogy, we may now write the change in energy due to the 
precession of the spin axis in the orbital magnetic field : 

aE 5 = 0 5 . p s . cos (p s , H d ) ... ... (3) 

the bar over the right-hand expression indicating that a time average 
over a complete cycle is to he taken, since Cf. which depends on Hn, 
varies from point to point in the electronic orbit. 

To evaluate O s ; Since in the case of orbital motion, 

hi I Pi — e/ 2 mc, we have O = (p t / p,) . H. 

Again, by analogy, we may write 

= “ (hs I Ps 1 * Hd 

the negative sign being introduced since Hd refers to the moving 
nucleus, while here we want the effect due to the moving electron, 
whose velocity i\ — — 

v C TJ 

f in account of the Landes ‘‘<7” factor for the electron spin 
being 2, 


and hence 


... (4) 


(hs I Ps) = e I me, 

0^ = — (e I me) . Hd 

But, as was first pointed out by Thomas (Nature 1026, 107, p. 
ol4), a rigorous relativity treatment of the problem leads to a value 
or the processional velocity of the spin axis which is onty half as 
great as (4) and has the reverse sign, Le., + (e/2 me) Hd . 

Taking this into consideration, as well as introducing the values 
of Hd and of ( = 5 . hj2n) and replacing cos (p s , Hd) by cos (k, p s ) 
since Hd is parallel to k, we finally obtain 


aE 5 = 


2mc 


Ze 
mer 3 


. k . 


h s.h 

27T * 2n 


cos (fc, p s ) 


Ze 2 /* 2 1 - 

“ 8rr 2 m 2 c 2 * 7^ ' ks * cos Ts) 

Since all quantities in the expression except r remain constant 
as the electron traverses f,ho ellipse, we may write 


AE ’ =(1/r3j 

the bar being put only over (l/r»), thus indicating that in computing 
Ah.,, we have to take the time average of l/r> over a complete cycle. 
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To evaluate (1 // ;t ) : It can be shown that 


(l/>- 3 ) = 1 / 6 * 

where b is the semi-minor axis of the ellipse, which, according to 
Sommer-eld s theory of elliptical orbits^ is given by 

6 — Uy(no -|- n r ) . (/i 2 /47r 2 wEe) 

Putting n 9 — k 3 (??, ? -f- n r ) = n and E — Ze 


= 


6 = 7i k (h 2 / ±Tz 2 inZe 2 ) 
C47r 6 m 3 Z 3 e 6 




... (5) 


lo evaluate cos (k\ p s ) ; Representing the orbital angular mo¬ 
mentum (py ) and the spin angular momentum ( p s ) by the vector k 
and s respectively, the resultant vector j is obtained vectorially as 


.'2 


J* = s 2 + k 2 + 2ks . cos (s, k) 

**• cos (A% . 5 ) = ( j 2 —- s 2 — k 2 )/2ks 

W e can now write the final exj>ression for a E 5 : 


aE, 


(>477 6 m 3 Z 3 e 6 Ze*h 2 


nVcW 


8tt 2 m 2 c 2 


. ks . 


,*2 __ ,c 2 _ k 2 


87r 4 w?Z 4 e 8 yi(j 2 — $ 2 — A: 2 ) 


... ( 6 ) 


n 4 c 2 h 4 2& 3 

_ + 

The total correction a E arising from both the relativistic vari¬ 
ation of the electronic mass and the electron spin is 

A E = A E r -j- A Ej, 

Hence using eqns. (1) and (6), 

87r 4 ?7?Z 4 e 8 ( 3 


A E ~ — 


n A c 2 h 4 


+ 


n 

T 


7l{ j 2 — 6 2 — k 2 

W 3 


...(7) 


Tiiis expression is found to hold good approximately for large values 
of n, j and A;, but fails when these numbers are small. But wave 
mechanics leads to an expression for aE in much better agreement 
with experimental data for small values of n, j and k } which is very 
similar to relation (7), but differs from it in the following way : k is 
replaced by (£ -p 1/2), k 2 by l {l + 1), k 3 by l (l 4 - 1/2) (l + l)>i 2 ^ 
j (j + 1) and s 2 by a* {s -h 1). 

The wave-mechanical expression is 


aE 


877 4 J?7Z 4 e 8 

n l c 2 h 4 


3 


+ 


n 


:i(j + 1) 

— 71 , ——- 


(/ + 1/2) 

1(1 + 1) 


-f 1) 


21 (l + 1/2) (l 4- 1) 


... ( 8 ) 


■ \ v I ■* / / \ * f 

For the one-electron system, «* = 1/2 and j can Iiave either of 
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the two values (Z + »/ a ) or (l — i/ 2 ). Substituting these value, 


aE 

(j— l + */*) 

aE 

(3 = 1- V 2 ) 


87t 4 p/Z 4 e 8 
?i 4 c 2 7; 1 


3 




/ 


1 


3 


? > 


+ 



... (9) 


Comparing these equations with that of Sommerfeld’s relati- 
vity correction alone, viz. 


A Ed — — 


87r 4 «iZ 4 e 8 




3 


+ 


n 

I 



we see that the relativity correction term alone splits each energy 
level of a given total quantum number n into n component levels 
each component being displaced by an amount which depends on the 
ratio njk or n/(l + '/ 2 ). When the spin correction is included, as in 
eqns. (9), it is readily seen that a given level of total quantum 
number n splits into twice as many component levels as those pre¬ 
dicted by the older theory, since for each value of l, aE has two 
values corresponding as j is equal to (Z + 1 / 2 ) or,(Z - i/ 2 ). j.e., accord¬ 
ing as the spin vector is parallel or anti-parallel to the orbital vector 
A closer scrutiny of the equations, however, shows that a component 
fora given value of Z and j = (l — 1 J 2 ) coincides exactly with the 
component for (Z — 1) and j = (Z + >/ 2 ), and that these coincident 
levels are identical with that given by the relativity correction alone 
tor k = l. Thus the introduction of the spin correction does not 

appear to improve matters, since the estimation of a E even bv the 

2S h “fA l1 methods, does not change either the number or the 
magnitude of the displaced component levels for a given value of n 

S’« S 8 l ect ‘ 0n rules C0 “ e t0 the rescue . Since they are 

quite different in the two cases. In the older theory, only 'those 

transitions are permitted for which A& =±1, while according to the 

vector model, the permitted transitions are governed by aZ = 4 - 1 

ture fJrrZr!'!’ ^ i^ n ?v 0n !,. can ex P e ct the number of fine stric¬ 

S n .Lt 71 £'X , " ponen “ m, y b ? »S.: 

meal theory. Also other experimental data, such as “doublet senara 
tion and “screening effect” in alkali-like elements, are in favour of 

examples':~ r ^' W * 8hal1 iUUStrate theSC " "w concrete 

T . • Me structure of the ionised helium line A = 4686 A°. 

his lino arises from tlio transition v- _ 4- tn « _ «> * f . 

the older theory the upper level in — i Q iv T ^ ccoru,n & to 

levels, while the lower (n = 3) into thfee OnM” ° J? 1 "' ^ onQ P onent 

wave mechanical theory will lead to twice a« r 1 116 0t ler han< /’ the 
i.e... eight for the upper and six for Tha ? “any component levels, 

effective levels wil/bo the same due 5? ^ the resultill « 

ove. In both the theories, the quantity outside the bracket in the 
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final relation, being the same, may be written as (Z 4 / n 4 ) M, where 
M 871 4 me 8 / c 2 h x is a constant which can be readily evaluated from 
the known values of 7r, m, p, c and h and is found to be 5‘82 cm," 1 . 
Ihe value of Z is 2, as we are dealing with helium. 


Using relation (10), the relativity correction alone ( aEr) can be 
computed for the component states of the two levels involved re¬ 
membering that for the upper level (n = 4), k = 4, 3, 2, 1, while 
forthe lower (n ~ 3), k ~ 3, 2, 1, Thus knowing n and k in each 
ease, the corresponding value of the term within the bracket 
( 3/4 + n/k) is found. Multiplexing this by the already evaluated 

{Z 4 / n*) M, aE r is calculated. 

4 

Similarly, with the two relations (9) the relativity plus spin cor¬ 
rection ( A E) can be estimated for the different components, remem¬ 
bering that for the upper level (n =r 4 ), l = 3, 2, 1, 0, while for the 

lower (n = 3), l = 2, 1, 0. Evidently there will be two sets of values 
for aE corresponding to j = l + i/ 2 and j = l — i/ 2 . 

In the two cases, the several component levels can be obtained 
by subtracting from the uncorrected energy of the two levels (n = 4 

and n = 3) the respec¬ 
tive corrections, aEr 
in one case and a E in 
the other. With these 
data the energy level 
diagrams according to 
both theories can be 
drawn. It is then found 

■§ 

that-, although due to 
coincidence of levels 
the effective component 
levels are the same in 
the two cases, yet due 

to the different selection 
rules of the two theories 

the older one gives five 
fine structure lines, while the new wave mechanical theory eight fine 
structure lines. 
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Fig. 228. 


Comparison of these theoretical results with the experimental 
data obtained by Paschen is shown in Eig. 228. The dotted line in¬ 
dicates the position of the single line of ionised helium A = 4686 A ■ 
The heights of the component lines give their relative intensities 
qualitatively. Although experiment gives only five components ant 
thus majx seem, at first sight, to favour the older theory, yet on closer 
examination it is found that Paschen’s observations support the new 
wave mechanical theory. Components m and n predicted by bot 
theories are coincident with the observed unresolved line mn. Com¬ 
ponent o of the new theory is so close to p that it probably accounts 
for the experimental unresolved line op. Component q similarly is 
not resolved from r. Paschen’s observations therefore do not dJ»- 
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tinguish between the two theories so far as components o, p ? q arid r 
are concerned. But Paschen got a fairly strong component 6" which 
is predicted only by the new theory and not by the old. This find¬ 
ing seems to decide in favour of the new theory. 

(h) The alkali-like doublets . The doublet characteristic of 
spectral terms of alkali-like elements is due to the fact, that for a 
given value of Z, s may be either parallel or anti-parallel to L This 
gives rise to doublet terms, such as (P 3/2 , P1/2), (D 5/2 , 1)3/2). etc - 

The numerical values of the separations of such doublets can 
be estimated using the relations derived above. But, for this it is 
necessary to determine the net effective nuclear charge Ze around 

which the single optical electron of the alkali-like system describes 
its orbit. 


Taking Li, for example, since Z — 3, Zc = + 3c. Two of 
these combine with — 2e of the two -electrons of the first com¬ 
pleted K shell, so that we have approximately a net effective 
nuclear charge + e, round which the third free electron may revolve. 

1 he two K electrons may be considered to ‘‘screen” the nucleus and 
their “screening effect”/^assumed to be 2. In general, the Screen¬ 
ing effect of n electrons around a nucleus would be less than n except 
for distances from the atom very large compared to atomic dimen¬ 
sions. If S„ is the screening effect of n electrons, the effective 
nuclear charge will be (Z — S„)e or the effective atomic number is 

(2 - S n ). 

By substituting (Z — S n ) for Z in. equations (9), these equations 

may be applied to those n, l orbits which do not penetrate the “core” 

of the atom. The difference in energy a E d between two doublets is 
given by 


A E rf = 


A E 

U= i + Vi) 

(Z 

cVi 4 ’ 


A E 

U = I ~ Vi) 

Sn) 4 n 

l (l + 1) 


Expressing this energy difference in wave-number units 




aE^ 

ch 


87T 4 me 8 

C 3 /i 5 


<Z - s„)* 


Since e H /c 3 A 5 is equal to 5*82 cm - 


M + l) 


cm. 


- r.QO ^2 — S n ) 4 71 

^ ----- OYT\ 

n* t[l + 1 ) cm - 

» 1 • D Con h < ! Cr , ing the f,oub,et separation between the two terms P,,, 
and P ,; 2 of lithium, 3/2 


— 2, n _ 2, l = 1, and we get 
AVrf = 0*364 cm. -1 
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Bowen and Millikan obtained experimentally the value of 

0*328 cm .' 1 for this separation in good agreement with theory. 

* 

They investigated also the doublet separation of (P 3/2 Pi, 2 ) 
for a number of lithium-like atoms, such as Be + , B ++ , C"' 4 * 4 *, 

and 0 ++ ^ + . The values oi av (/ , calculated theoretically, as above, 
on the assumption that, the screening effect constant for the two K 
electrons was 2, were found consistently smaller than the observed 
value, unlike in the case of lithium. This shows that the effective 
nuclear charge for these ions is greater than + (Z - 2)c, which, in 
turn, means that the screening effect of the 2 electrons decreases as 
the atomic number increases, as might be expected fiomthe fact that 
the P orbits come closer to the nucleus with increasing atomic num¬ 
ber. 

Considering the sodium atom (Z — 11), it has two completed 
shells, the K shell with 2 electrons and the L shell with 8, around 
which the eleventh free optical electron revolves, if the doublet 
separation between the terms P 3 .» and P t is calculated on the as¬ 
sumption that the screening effect of the ten interlocked electrons 111 

10, the value of a comes out to be 0*108 cm." 1 whereas the actual¬ 
ly observed value is 17*18 cm.' 1 . In order to explain this great dis¬ 
crepancy, the P orbit in sodium is to be considered as an ellipse which 
“penetrates” the core of the atom, so that the '“screening effect” must 
be much less than 10. Calculating S n from the observed value 
a77 a value of 7*45 is obtained instead of 10. For “penetrating 

V <jf 1 

orbits of this type, Lande modified the theoretical formula as 


A Vrf 


5-82 


Z*z 2 


(n.*) 3 l\l 1) 


cm 


-1 


where Z { is the effective atomic number inside the outermost corD 
pleted shell (e.g., inside the L shell for sodium), z is the valenc} 0 
the ion(e.f/. for sodium z = 1, for magnesium 4 * z = 2) and n 
effective quantum number of the orbit in question. 

One should expect then that the orbits of large value for ft and 
of low eccentricity would be completely outside the core of the a 0 , 
i.e., they would be non-penetrating. In such cases, the or JK 11ia 
pression would apply even in the case of sodium-like ions. This 
elusion was proved to be true by the observations of Bowen < 
Millikan who found, for example, that the doublet 

D . 2 _ P ; j /2 f° r the sodium-like A\ + + ions was 12S cm whu 

Sn + 9*97. very close to 10. The ten electrons of the first two 
pleted shells screen the nucleus with its + 13e charge, so t a 
net effective nuclear charge is + 3e. 

0 ^ 

These facts taken together decide in favour of the wa\e 
chanical theory. 
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ZEEMAN EFFECT 

effect 86Ver ! 1 . n3a 8 net °-optic phenomena, the Zeeman 

eoect is one of very great importance, as it provides a link between 

and magn6tic P ro P e rties of elements and throws 
nuicn light on atomic magnetism. 

rea.lv ^T^ ^P 611 ™ 6 ^ 1 * 1 arrangement for observing the effect has al- 
. . , described (c/. p. 98). It has been pointed out there that 

™ T y strong magnetic fields a spectral line splits up into a 

ne?ts klo S w a n Til ““P 161 , resolution of a greater number of com?? 
in the cas??»f ,s obtained - Thus, for instance, 

have a£Sl? studl^T 7 ' wh ° 8e n ° rmaI tri P let resolution we 

macn^tWfiL i. d i T, Ze L eman Patera becomes complex when the 
magnetic field is weak (cf. photo on p. 625). 

‘ pl “ s mU ‘ component,, 

field (7T components) while 
the outer pair perpendicular 

\m^ e ( a components). 

When viewed longitudinally 
the two outer components 
alone are seen and are circu¬ 
larly polarised in opposite 
directions (Fig. 229). 

The D a line, viewed 
transversely , splits into six 
components sym m et rically 
situated, all plane-polarised, 
the innermost two parallel to 

component, « Pr »,r ciroul.rlj, pnStoed ^ 229 , f °“' 

end anomtjo ohief^o th^im ° °f *®e effect into normal 

«»«. it mighu^d ^'J^“^‘StXr™PP™P'»*o. 

IS the most common occurrence 6 whllJ h t ^ termed as norma l 
tional phenomenon. In realitv Wi 6 ano J na ^ 0us a rare excep- 
is the general rule in atr^miV *. ™ OI l com P^ ex anomalous pattern 

is the exception which occurs 8 undeT verv' ? th ^ f imple , tri P let pattern 

The distinction® arose g from JffUfKV - ^ b T g a singlet, etc 

tion, although applicable to the SDlittfnv^f 6 p tZ S ? la88ica . 1 e^plana- 
hence to the normal effect failed to ^ r 168 i into tr ^P^ efca and 

(anomalous) pattern. Fmm « accounfc for the more complex 

^"‘fication is justifiable as it indi ^ v * ew » however, the 

effect is a weak-field effect while fch^ CS ^ anoma lous 

43 nect ’ whUe the normal effect is a strong-field 
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effect. The actual transition from the anomalous-weak*field pattern to 
the nor mat-strong-field pattern can Be observed in many cases, as was 
done for the first time by Paschen and Back in 1913 and hence called 
the Paschen*Back effect. 

Application of the vector model to the Zeeman effect. 

Lorentz was able to explain quite satisfactorily the normal Zeeman 

effect on the basis of the classical elec¬ 
tron theory, as we have already seen 
(c/. pp. 99-102). Later, Debye was 
able to interpret the same using the 
vector atom model where, however, 
the concept of electron spin was not 
taken into account. But neither the 
theory of Lorentz nor that of Debye 
could explain the anomalous effect. 
To achieve this, the idea of the spin of 
the electron had first to be introduced, 
the magnetic moment bound up with 
the mechanical spin of the electron 
had next to be considered and compar¬ 
ed with the orbital magnetic moment 
and the difference between them es¬ 
tablished. Then only an adequate ex¬ 
planation of the anomalous effect was 
Prof. p. Debye possible. In order to appreciate fully 

the importance of these remarks, we 
shall first of all deal with Debye’s interpretation of the normal effect 
and then prooeed to the consideration of the anomalous effect. 

DEBYE’S EXPLANATION OF THE NORMAL ZEEMAN EFFECT 



Leaving out the spin of the electron, the only angular momen 
turn possessed by the electron is that due to its orbital motion. 

The magnitude of this orbital angular momentum which i 
quantised, is given by 

h /i 


Pi = l - ; 


( 1 ) 


2tt 


The corresponding magnetic moment is given by 

i e (2) 

iii — l . - = —- pi ' 

me 2 me * 

m 

The vectors l and fi t will act along the same line, viz., perpen¬ 
dicular to the orbital plane. 

In the presence of a magnetic field of uniform intensity H 
which acts not necessarily in the direction of the orbital vector l, this 
vector l will execute a Larmor precession round the field direction » s 
axis (of. Fig. 217, p. 628). 

The effect of this Larmor precession is to alter the energy 
the system by an amount dE, which may be computed as follows *-* 
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We have already seen (cf. p. 667) that dE = O. p t . cos (»,. H) 
where O is the Larmor processional velocity. 

■' 

Pi I Pi = o~" = , since O — 


eH 

2m c 


2mc H 
O . = fi t , H 

As thes directions of jj, and fi t are parallel, dE = y. x . H cos 6 

* ngte W “” ‘ he *“ » f tbe ” bi ‘*> ""'«■>« «d thu 

If mi is the magnetic orbital quantum number, then 
— mil l since m t is the projection of l in the field direction 
Hence dE = p, . H . (m,/J) 

Substituting the value of from equation (2) 

eh 


cos $ 


dE = 


47 zmc 


. H. 


... (3) 


V eH 1 Ar C is kn0Wn as the I /arm °r frequency 

v i( (— U/27C). In terms of this quantity rfE = ^ , v L . ???,. J 1 y 

A- . fT ? h ? ng ® “ enep gy means that each energy level of the un 
S^ levds 6 FuH,h ^ ^ 8pHt UP UHder thG Sion of the field 

rated f * "" inte ^ als > the number of sub-levels are (21 i l) S e V& . 
rated from one another by an amount hv^. / P 

? 0 . r a f* v . en va ' ue °f H, v L is constant, so that the seDaration «f 
the sub-levels is equidistant. separation of 

If E 0 represents the energy of a state of the »tnm i... , 

quantum number l before the application of the fiefd and F iL b& 
after applying the field, then W and E lts ener gy 

F = E 0 -f- Av l . m x 

Considering another state, for which the orhital „„„ * 
ber is l\ if E 0 ' and E' are the energies of that !f ‘ tUm num ‘ 

applying the field respectively, ihen ^ tat ® bef ° re and after 

E “ ■Eo # "f - Avl • mi 

S+' Kr 1 1 *•“ ‘i e ,w ° =pia »p ■ 

' *r i; ana (M + 1) components respectively. F p Int0 

multipfe?gr n o^ 0 o n f S W uI * ip { Bfc states * a 

Si 0 ! 8 iS W - (5)tfn? U S.XVu7ncrcom 

, E ' ~ E E ' - E. 


vh 


h 


h " + ( w *' ~ rni) v L . 


— v o + A m, . VL , 

wnere v 0 represents the freauenov n f +u„ r 
magnetic field and a m, = L ia the 

Applying thu uppr.pri.u eele? ' lion ^ ^ _ # ^ ^ 


absence of the 


i 
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it is seen that the permitted transitions are limited to three, so that 
v h = v 0 for a wit = 0, and v H = v 0 ± v L for awj = ± 1, This 
means that a given line of frequency v 0 will be split up into three 
components whose respective frequencies are 

( v o + v L ), v 0 and (v 0 — v L ) 

Substituting the value of v L the three components are 

, eH , eH 

Vq I "j * f Va and V/\ • 

0 4tizmc 0 0 4n me 

The frequency shift dv produced by the field is therefore 
± ‘eH/47me, the same as that derived on the classical theory for the 
normal Zeeman effect (Of. p. 101). 

Note . (i) Although eqn. (3) applies to the case of an atom be¬ 

longing to the single-electron system, it can be generalised to hold 
good for the in any-electron system also, provided p t is replaced by 
the resultant orbital angular momentum p^ of all the effective elec¬ 
trons and Ml the total resultant magnetic moment of the system is 
substituted for ftj. 


(ii) In the foregoing discussion we have not taken into consider¬ 
ation the spin of the electron. Even if we had done so, nothing in 
the above derived relations would be changed if we associated with 
the spinning electron a magnetic moment f* s bearing to the mechani¬ 
cal spin momentum p s the same ratio as the orbital magnetic mom¬ 
ent f*i does to the corresponding mechanical momentum pi,i.e. t if we 
assumed that n s lp s = H-i/pi — e/2 me. For the total angular momentum 
would then be p^ and the total magnetic moment /*y = j • 

Thus j and would have the same direction and would set 
themselves in the magnetic field in accordance with spatial quan¬ 
tization or precess round the field direction in common. The single 
difference would be that now, not (2 1 -f- 1) but (2 j + 1) possible ori¬ 
entations exist and that therefore every undisturbed energy level is 
split by the magnetic field into (2j + 1) terms, but in such a way 
that the amount of splitting would be exactly the same as before. In 
the spectrum there would be no difference at all, as the selection rule 
in the present case is the same as the previous case : = 6 or 

^ 1. This shows that the vector model even with the use of the 
mechanical spin momentum can explain only the normal Zeeman 
effect, if the magnetic moment due to the electron jpin is disregarded. 
Hence the difference that exists between the orbitil and spin magne¬ 
tic moments, conveniently expressed by the Lande g-factor, is essen¬ 
tial to the understanding of the anomalous Zeeman effect. 

EXPLANATION OF THE ANOMALOUS ZEEMAN EFFECT 

With the introduction of electron spin, the total angular mo* 
mentum of the atom J becomes the vector sum of the orbital an 


spin angular momenta, L * >nd S, i.e., 

J = L + 8 




a) 


* * * 
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* Physical interpretation of this relation is that the whole 

the atom ’ P rece 8ses about the direction of 
J which, for its part, is fixed in space and of invariable value. 

The orbital magnetic moment M L is given by 

eh e 


M L = L__ _ 

47rmc 2m c 

and the spin magnetic moment Ms by 

M s = 2S eh e 


Pl 


* ■ 


( 2 ) 


Ps 


(3) 


47 tttic me 

preccssToutJ. vect °" L and s precess about J > Ml and M s must also 

M l andM^?. 1 “ agnetic moment M of atom is the vector sum of 

JP" 

M = M L + M s ... 

Irom equations (2) and (3) it is readilv seen tW *i,„ *’*- ' 
&& ^ Ms 1 n0t e ^ aal = ^e latte/is twice as gr^t a? the* 

follows that that '“/“f dia * e ^ 
considering the case dia^mmaSiTly * *** ° f J ‘ For ’ 

(Fig. 230), let L and S represent the 

orbital and spin angular momenta res¬ 
pectively. The total angular momen¬ 
tum is then represented by J. Let the 

°™v magnetic moment M L be suppos- 
M to be twice as large as L. Then the 
spin magnetic moment M„ must be four 
imes as large as S, since the ratio 
«s /Ps is twice as great as M L /®,. The 
directions of M L and Ms though along L 
and b respectively, will be oppositely 
directed to L and S as shown in the 
figure on account of the negative charge 
of the electron. Compounding M L and 
Ms it is seen that the resultant M does 
no ie along J. If the ratios were made 
equal, then M would coincide with J in 

from t'he figure ^ r6adily ° Ut 

as the^ectorXur^f T th ® dkection of J will precess round it, 

of the atom as f who! i 6 T about J the “ a gnetic axis 

same direction. ’ ’’ th ° M vector > Wll l also precess about the 

«> ,rr 1 ?* <, “ p “ iw •» j 

‘W J mom. ” * <“i >• ■» Pteoe».ion of M 

" rapidly, the value of the perpendicular 


L- 



Fig. 230. 
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component (Mj^) will be constantly changing in direction, so that its 

time average over a period will be zero. Under these conditions the 
effective magnetic moment of the atom will be Mj whose magnitude 
is given by the vector sum of the components of M L and M s along J. 

Hence Mj = Ml cos (L, J) + M s cos (S, J), where (L, J) and 
(S, J) represent the angles between the directions of L and J and 
S and J respectively. 


and 


and 


Substituting the values of M L and from (2) and (3), 



eh 

4 nmc 




cos (L, J) -f- 2S cos 



From the figure it is seen that 

S 2 = L 2 + J2 _ 2U cos (L, J) 

J ,2 = S 2 j 2 _ 2SJ cos (S,J), from which we get 


cos (L, J) = 


L 2 + J2 - S a 
2LJ 


cos (S, J) = 


S 2 + J2 _ L 2 
2SJ 


Substituting these values 


Mr = 


eh 


L 2 + J 2 - S 2 , S 2 + J 2 - L 2 


47 tmc 
eh 

4 rrmc 
eh 

47 Tmc 


~~ 2J 

3J 2 + S 2 — L 2 





2J 

l' + 


J2 + S® — 1? 

2J* 


* # * 


(5) 


This expression defines what happens in the interior of the atom 
undisturbed by any external field and hence refers to what is known 
as the “inner precession 

If the atom is placed in an external magnetic field of uniform 
intensity H, it will precess about the direction of the applied field, 
which is known as the “outer precession”. Although the atom as a 
whole precesses about the direction of H, still the nature of tlie pre¬ 
cessions of the constituent vectors will depend on the strength of the 
external field as compared with that of the field in the interior of the 

atom. 

(i) If the external field strength is small compared with the inter¬ 
nal, the coupling between L and S is intact, so that there is physica 
significance in compounding L and S into J and then considering e 
precession of J about H. 

(*> on the other hand , the external field strength is large c ow 
pared with the internal , then the coupling between L and S is loosen 
or even broken. In this case the vector J loses its significance ' 
it becomes necessary to consider the precession of L and S abou 
independently. 
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The distinction between ‘'W0/ik M A.nr? <<of rAt1 _>? + i n , 

" iih th t *** “ofgr« 1 “f’r 

•iwildi””™!' Z r„T" '*’*? ' ,hiCh ‘1 r ' r “ du “' 1 ” h '" I he 

assume that the precessions of f/ndNTV ° De ’ ° n ,° “V le g itim a<*ly 
means"that th much , ^pidly than' that of j‘ about H wh c^ 

ans that the perpendicular component M x may be neglected when 

netfc^momlnt an<1 Mj may be treated as the effective mag- 

whfrh T™*? the atom - The opposite case of “stronc” field 

prece 6 B°inuch “ UI>U,l f, be, ”'“" L “ d S »*" »*k« <WV« 

T ? T re ra P ld ‘y r oond H than round J This is the 
Paschen-Back effect, of which we shall speak later. ' h 

Considering now the case of relatively “weak” fi e w 

«t th*"s r z h g!z ‘s; Mrgy d ” e to ,>b ° “ tio " 

dE = Mj . H. eos (J, H) 

sets itself wit^resiMcT'to^th P5* nc 'P* e 8 P at *al quantisation, 

projection on the K Tl, 

Sssjars. - lhe “ ,2J; 11 ***&££?££$ 

oT. . C08 ^ , H | — m J I d, dE = Mj . H . m } I J 

Substituting the value of M, from equation (5), 

J . H . (mj I J) | 1 + J2 + 2J»~ L8 ] 


dE = 


47 rune 
eh 


H 


Replacing/ jl -J- 


47 rmc 

J* + S 2 — L 2 


w?j ) 1 + 



by f g 9 and—— jjy v 

4:r?nc J L 


2J 2 

weget^ dE = h, L . mj . g 

level of‘tVe'atom Tfplh'mbv^h that &n undisturb *d energy 
levels, with eqStlVs^UL^n ^ ^ + ^ 

the no^fSmftn effect vij COrreSpondij '8 one obtained in 

ween ^ "^r 1106 bet * 

words, in the anomalous Zeeman effect alth!K Ct ° r 9 j? n ° ther 
energy level is split ud in a m n m nc’« ,, . gh an undisturbed 

tant levels as in the normal effect v^t *u 6 d ln . t, ° ^ + 1) equidis- 

tion is equal not to /tv L as in the normal buTto"; tUI,e ° f Se , paru ' 
ence is precisely due to the *’ j . t0 ^ tv L • 9- Hus differ- 

the ratios M L / ®, and M / « „ ^ , n made ,n *he present case that 

that affects thefe ratios is the^nd^ Vfett'o SinCe the factor 

and 2 for M«/® s the * faLtor > 11 be,n g equal to 1 for 

M th,’ Lsndl y ^rSlT 
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that without the intervention of the Land6 *g* factor the anomalous 
effect cannot be understood. 

The expression ^ = {1 + (J* + S 2 — L*) / 2J 2 } which refers to 
the atom as a whole, indicates that the value of < g t depends on those 
of L, S and J. It will, in consequence, vary from term to term and 
is thus the determining cause of the anomalous behaviour of the 
atom in Zeeman effect. The pattern will not be the normal trip¬ 
let ; many more lines will occur in accordance with the fact that the 
energy differences corresponding to the selection rules awj = 0 
or i 1 ar © not now, as they were in the normal effect, the same for 
all values of mj, If the electron spin is disregarded, S = 0 and the 
total angular momentum J is equal to the orbital angular momentum 
L* Then the quantity (J* + S 2 — L 2 ) / 2J 2 reduces to zero, so that 
9 “ 1 • In such a case, the separation of energy level is reduced to 
Avl » which is the normal effect. This means that if spin and Land6 
‘g* factor are not introduced in the problem, only the normal effect 
can be explained. 

The value of g has been deduced above according to the older 
quantum theory. In the new wave mechanics this representation is 
still permissible, provided that L 2 , S 3 , J 3 are replaced by L (L + 1), 
S (S + 1), J (J + 1) respectively. With this improvement. 


1 + 


J (J -f- 1) *-{- S (S -f* 1) — L (L -f- 1) 


2J (J *f* I) 

which will be used in considerations that follow. 

Testing the validity of the theory proposed* The theoreti* 

cal explanation of the anomalous Zeeman effect developed above may 
be tested in the following three ways : — 

1. Analysis of the anomalous pattern of some concrete lines 
such as the D lines of sodium, the green (5461 A°) and violet 
(4358 A°) lines of mercury. 

2. Experimental verification of the **g” formula. 

+ 

3. Measurement of the atomic magnetic moment. 

1. ANOMALOUS ZEEMAN PATTERNS OF SOME 

CONCRETE SPECTRAL LINES 

A. Anomalous Zeeman patterns of the D x (5896 A ) 

D 2 (5890 A°) lines of sodium. As sodium belongs to the one-e ec- 
tron systerri, the D line in its principal series is split into two 
nents even in the absence of the external field, hence caused by ^ 
“inner” precession. Further, a9 we have already seen, the Dj , 

ponent is due to the transition Pj/ 2 S 1/2 , while the J>% co J?P2S' _ 
to P 3 / 2 S l/2 . The total number of terms involved is tbereior 

three : P 3 / 2 , P,/ 2 and Sj/ 2 . 

According to the theory, under the influence of the 
magnetic field, each of these terms will be split into component ev 
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whose energy difference from no-field value is given by 

A1 7, eh . J 

E ~ H.mj.g 

wMch "l««* «■» separation 

Hence dE = m, , . P resent case ln terms of this unit, 

readily obtained by calcu tatmVthe^vftl ^ f 9phtti f g factor m > • 2 is 

S - 1/2 IS I J L Dr t * ti "s “• tom r».. L _ 1 , 

g = 1 + J (J + 1) + S (S + 1) — L (L + 1) 

2J (J + 1)-- 

S (S + 1) - L (L + 1) 


~ T + 

3 
2 

= 3/2 


■-o + 


2J (J + 1) 
1/2 x 3/2 - 1 x 2 


= 3/2 — (5/4/15/2) 


2 x 3/2 x 5/2 

_ . ■ 2 / 6 = (18 - 2)/l2 = 16/12 = 4/3 

. / bave (2J + 1) values at unit intervals Since T — 1/9 
has four values, viz., 3/2, 1/2, - 1/2 and - 3/2* J ~ ^ 2 ’ mj 

Hence m, . g has values : 2, 2/3, - 2/3 and - 2. 

In a similar manner the values of m, for 
can be computed and the rennito • J j IOr the °t“ er two terms 
below: P the results obfcamed listed in the table 


Term 

L 

s 

J 

9 

mj 


1 

1/2 

3/2 

4/3 

3/2,1/2, _ 1/2, 


1 

1/2 

1/2 

2/3 

1/2, -1/2 

&llt 

0 

1/2 

1/2 

2 

1/2, - 1 /2 


mj . g 


- 3/2 2, 2/3, -2/3, - 2 


1/3, — 1/3 


As the D, line arises from P , - q 

transitions between the two snlit levels n rlL*’ th ° posaible nu ™ber o 
teriaed by 1/3 and - 1/3 for the * f ? he u PP«rterm P I/8 charac 

of the lower tern S l/2 with 1 and - lfort and tho * sp,it leveli 
H . Applying th . appropriate Z 

« is seen that all the four transitions are alLwed A ^ = 0or ± 1 

Hence the B, line will bn anlif A - 
metrically situated on either side P of the”* 0 . faur c ° m P one ot3, sym- 
+ 4/3, + 2/3, - 2/3, - 4% in WentT ° r,gmal line at distances 
ponents + 2/3 and - 2/3 governed hv UIUtS - Th ® tWO inner «»“■ 
■Wte. polarised parallel to tk. field ^d^bS o^ f the 
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verse view. The outer components -j- 4/3 and — 4/3 governed by 
A w; = ± 1 are the a components, plane polarised but perpendi¬ 
cular to the field in the transverse view and circularly polarised in 
the longitudinal view. 

The I >2 line arises from P y /2 -> S 1/2 . Hence in the Zeeman 

ettect transitions can take place between the four split levels 2, 2/3, 

—- 2/3, — 2 of the upper term P 3/2 and the two split levels 1 and — 1 

o he lower term S,/ 2 , which means that there are eight possible 

transitions. Of these, two are forbidden by the selection rules 

Awij = 0 or i 1, since in those two cases awj == 4 - 2, so that only 
six Ivansitions are allowed . 

The Dj line is therefore split up into six components which can 
be easily shown to be symmetrically situated about the normal posi- 



Fig. 231. Diagram representing the anomalous Zeeman patterns 

of the sodium D lines. 


tion at distances + 5/3, + 3/3, + 1/3, — 1/3, — 3/3 and — 5/3. 
The innermost pair ~|- 1/3 and — 1/3 corresponding to a^j = 0 are 
the 77 components polarised parallel to the field and visible only in the 
transverse view. The other four components corresponding to 
Awij = i 1 are the a components, plane polarised perpendicular to 
the field in the transverse view and circularly polarised in the longi¬ 
tudinal view-. 

It may be noted that the shift caused by the field is not always 
equal to that in the normal effect. Thus the components of the Pi 
line are 2/3 and 4/3 of the normal shift, while in the case of the Pa 
lines, the shifts are 1/3, 3/3, and 5/3, so that the middle pair alone 
coincides with the normal shift, 

* 

The Zeeman components of the and D 2 lines that appear in 
the transverse view are diagrammatically represented in Fig. 231. 

B. Anomalous Zeeman patterns of the green (54d A ) 
an< l violet (4358 A°) lines of mercury* The mercury atom belongs 
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to the “two electron*’ system and from spectroscopic study it is 

known that the green line arises from the transition *P. -*‘ 3 S, and 
the violet line from »P 1 3 S t . Tho term multip | icity r in bo ^ the 

cases under investigation is 3, which gives the value of spin S = ] 
since 3 = 2S + 1. 

Taking first the green line ( 3 P 2 -* 3 S,) let us find the g, m, 
ana wij . g values for tho two terms involved 

For 3 P 2 L = 1, J = 2, S = 1 


9 = 


+ 


(1X2) - (1 x 2) 


2 ' 4x3 

m J has v (2J -f- 1) or 5 values : 2, 1, 0, — 1, — 2 

™j‘ g = 3, 3/2, 0, - 3/2, — 3 

J®! 1the . u PP® r 3p a is split into 5 components, separated from 
no-field position by the above values in Lorentz units. 

ForSS, L = 0, J = 1, S = 1 


* • 


9 = 


3 

2 


+ 


(1 x 2 ) - 0 


= 2 


m J ^ as J + 1J or 3 values : 1,0—1 

m } . g = 2, 0,-2 

* * S ^ iere f° re spht into 3 components with 
separations as given above in Lorentz units. 

of theTirmp^ nu ? a ^ ) ® r ^transitions between the five components 
evidentlv P fifJ^ at6 *n?^ th f ee com P onents of the lower state is 
bSThe y foU^ sS : hC8e ’ the 86,eCti0n = 0 or ± 1 for- 

(2 -* 0), (2 -> - 1 ), (i _ i) ( _ i 1 ), ( _ 2 -> 1 ) and (— 2 ->0) 

the »*S£*£££^ be 8pIit int ° nble com P° nents with 
Separation ) 

given by AWj g) 3/2,—2/2, —1/2,0, +1/2,+2/2,+3/2,+4/2 

Nature ? - 1. - 1, - 1, 0, 0, 0, + 1 +1 +1 

. 1 } °* a * n > n < a, a, a 

sed Darafinror. 1 ?? 08 * ^j Fee components are of the n type, plane polari- 
others are of th« * ^ an ,^ V18 *bl® only in the transverse view. The 

the transvers^^ifi w tyP ^’ P P olari8ed .PC r Pendicular to the field in 

One of the on ant * circu,arl y polarised in the longitudinal view. 

fact that aUhTr nent8 / P ?^ re in the no ' field Portion, due to the 
is (2 i l) U te h AWj for lfc is b y (0 -* 0), yet its a J value 
terms of odd will be absent for lines arising from 
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(0 —> 0) is not possible. Hence the two conditions simultaneously re¬ 
quired for the appearance of a component in the no-field position are 

AJ ^ (0 -> 0) and awj = 0 0 

i 



Fig. 232. Diagram of the anomalous Zeeman patterns 

of the mercury 5461 and 4358 lines. 


raj 


Considering the violet line ( 3 P X 
g of the two terms involved are : 

3 P X :— L = 1, J = 1,8= i 


3 S X ), the values of g t raj and 


* 4 


9 = -w + 


3 

2 


(1 X 2) — (1 x 2) 


3 

: 2 

1 

3/2. 


*i 


2x2 

raj can have 3 values : 1,0, 

raj*. g — 3/2, 0, 

As calculated above, 
g — 2, Wj « 1, 0, — 1 and ra,. g = 2, 0, — 2, 

Hence both the upper and lower states are split into three com¬ 
ponents each ; the separations of the components of the upper sta 
from the no-field position are 3/2, 0, and —3/2, while those of * ® 
lower 2, 0, and — 2. The possible number of transitions is nine* J> u 
the selection rule forbids three of them, viz. 

(1 - 1), (0 0) and ( — 1 -> 1) 

The 4358 line is therefore resolved into six components with the 

■ 

following characteristics : — 

Separation 1 _ _ _ l/2> + 1/2> + 3/2, + */ 2 

(A raj . g) ) 

Nature ) —1, — 1, 0, 0, + "* 


(A raj) 


7T 


* ( +h6 

The inner two are of the tt type, while the outer four o 
<j type. There is no component in the position of the paren 
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since the transition is between terms of odd multiplicity and 

AJ = (0 -> 0). 

These conclusions are represented diagrammatically in Fig. 232. 

The theoretical results are in exact agreement with the experi¬ 
mental patterns obtained, both as regards the complexity of the com¬ 
ponents and the magnitude of their separations. The Zeeman 
pattern of any spectral line can be analysed by the same procedure 

and complete agreement between theory and experimental results can 
be established. 

2. EXPERIMENTAL VERIFICATION OF THE “g” FORMULA 

Theory gives the separation of energy levels as tfE = Av L . g. 

[ be frequency difference between the split up energy levels 
therefore given by 


is 


dv — 


dE 

T 


g — dv . 


= vl . g 


4 7T C 


eU 

4tnmc * ^ 


H ( ejm ) 


- . . The frequency difference dv between successive levels can bo 
obtained by measurements made on the Zeeman pattern produced 
with a.known magnetic field H. Assuming the values of c and elm, 
g , n be calculated as an experimental result with the help of the 
above relation. On the other hand, substituting the value S P of LS 

formed Tn the™ - f the . 8tate > from w hich the split up levels are 
b n 9 formula, a theoretical value of g is obtained. If 

So gratTthe va^?of he f * ° f the pro P osed theor y is established. 

enWallsof T T { ? f at ° miC sta , tes ’ 80 great the number ofdiffer- 
even a sfno-U «i’ S an . d J r , epresented amon 8 them, that the study of 

of the “o" 8 formtT» e r 10 ^ 06 - ma u y d j fferenfc checks on the validity 
ments hLe h2 ; ,?°f 8ld f! ng the fact that many different ele- 

firmed h thei n nt StUdie f a ^ dl ? a C . a8es ex P erimen t has fully eon- 

anomaCs zim. T ^ th , at th , 6 theoretica l explanation of the 
actual troth 86 ° n Land6 ,g ’ factor ^presents the 

tained S b^T C on?H? S . 0f ‘ g > Additional confirmatory evidence is ob- 
stance. 7 onsiderat i°n of some special values of g. Thus, for in- 

(a) when S = '0\and J — L, we are Heai;^„ „ -.u .u • , 
terms of a two eleetT-rtn , e are sealing with the single 

these values ofL 5anH t 8Uc h as, for example, Zn. Substituting 

to 1, wh C h mLn B S rK + , m the “ 9 f0 l; mula > 9 is found to be equal 

‘‘weafc* 1 fields. This is afilySd to b^thfi? ° btained % Ven wi ! h 
Zeeman pattern of zinc singlet; d ™ b h ®’ aa Been from the ' 
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(6) when J = 0 and S ~ L, we are dealing with terms like 1 S 0 , 
3 P 0 , etc. Since J = 0, wtj — 0, and <£E — 0, which means that these 

terms do not split at all. The g value in such a case is 0/0, hence in¬ 
determinate ; 

4 

(c) in a very few cases when J 0, g = 0, which occurs when 

[ {S (S + 1) - L (L + 1) } / 2J (J + 1) ] = _ 3/2. For example, 
the term 4 D 1/2 corresponding to L = 2, J = 1/2 and S = 3/2, and 
found in a three-electron system, does not split. 

Therefore lines resulting from transitions between terms for 
which g is indeterminate (case h ) and zero (case c) should show no 
Zeeman effect, which is confirmed by experiment. 

3. EXPERIMENTAL MEASUREMENT OF THE ATOMIC 

MAGNETIC MOMENT 

The resolved component of the magnetic moment of the atom 
in the field direction is given by 

M = Mj cos (J, H), so that dE = p . H 
But from theory, we have 


dE 


eh 


4 77771C 


. H . mj . g 


M *= 


Since 


eh 


4nmc 


is a 


eh 

4 nmc * ^ 


magneton, 


/x = nij . g in Bohr units , 

i.e, t the values of mj . g give the possible resolved components of the 
magnetic moment of the atom in the field direction in terms of Bohr 
units. 


Now, considering the normal state of the atom which corres¬ 
ponds to the spectroscopic ground (or S) term, and choosing an atom 
of the one electron system, we have L = 0 , J = S = 1/2 so that 
0 = 2 and m } can have ( 2 J + 1 ) or 2 values, viz., ± Va* 

Hence p for the normal state of an atom belonging to the one- 
electron system is given by p = ^ l / 2 x 2 — ± 1 Bohr magneton* 

P can be experimentally determined by the Stern and Gerlach 
experiment for such atoms in the normal state, and in all cases so 
far analysed, such as the alkalis aud noble metals, p is found to be 
equal to dz 1 Bohr magneton. 

This result, in its turn, establishes the correctness of the theory 
proposed. 

Note, (t) Since the total quantum number n does not occur in 
the “ 0 ” formula, the Zeeman pattern will be the same for all the lines of 
a given series . This fact is of great assistance to the spectroscopist 
in classifying lines that belong to the same series. 
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(h) The greater the fine structure of a spectral line the more com - 
plicated wilt be its anomalous Zeeman pattern. Thus, for instance, the 

Balmer lines, H a , Hp, H y , etc., will show quite a complicated Zeeman 
pattern. 

(lii) The magnetic field that could produce anomalous Zeeman effect 
should be “ weak '\ not absolutely , but relative to that of the internal atomic 
field which causes the fine structure. Thus, for instance, the Zeeman 
separation (about 2 cm.' 1 ) of the D lines in a field of 30,000 gauss be¬ 
ing several times smaller than the fine structure separation (17-8 cm.' 1 ) 
of the Dj and D 2 lines, the field used is to be considered “weak ’ and 
will produce anomalous effect. On the other hand, in the case of 

11 ' * J 1 J 11 > whose spectra consist of very close doublets, 

much smaller fields would be considered “strong” that will not pro¬ 
duce the anomalous effect. 

PASCHEN-BACK EFFECT 

Paschen an* 1 Back found that, whatever the Zeeman patterns 

of a given group of lines might be in a weak field, they always ap¬ 
proximated to the triplet characteristics of the normal effect in a 

8trong field. This transition phenomenon is known as the Paschen- 
Back effect. 



. magnetic field is gradually made more intense , the outer pre 

cession will gradually attain the order of magnitude of the inner one 
Ihis means that we are no longer able to 
calculate as above, as if J remains fixed 
and the inner precession of L and S took 
place about J. Rather the external field 
will appreciably disturb the internal field 
and will loosen the magnetic coupling bet¬ 
ween L and S, thus converting the pre¬ 
viously uniform precession about J into an 
irregular precession. In consequence, we 
«an no longer replace the magnetic mo¬ 
ment M of, the atom by the parallel com¬ 
ponent Mj, since Mj_ will not now dis¬ 
appear when averaged over a period. We 

are now in the region of the Paschen-Back 
effect. 


Paschen-Back effect 
of H line 


If the magnetic field strength is raised still further <?o thnt it 
Sd free” ? nal fiel T d beC T e much grater than the natural 

1 b — r„ d d 

oCrKt ly r£ 0 S 3 thefie]d directi -’ — 

made S C of iwo n^ nge due - t ? th f presence of the field will then be 
and the other from the precision ^ ^ H 
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Hence JE = (^E)l + (<2E)s 


= M l . H . cos (L, H) + M s . H . cos (S, H) 


eh 


4nmc 


. H . | L cos (L, H) + 2 S cos {S, H) j 


eh 


4irmc 


H . i m L + 2 m, 


The quantity (m L + 2 m $) is known as the “strongfield quantum 
number ”. m L can take only integral values, while ms may be 
either integer or half integer. The term { + 2ms } can 

therefore have only integral values. Fur¬ 
ther, since it can be shown that S and therefore 
m s cannot change during a transition, the 
change in { m l 4 - 2 m s } is due to the change 
in m L , which according to the selection rules is 
0 or 4= 1 • This means that in a strong magne¬ 
tic field, a given line will be split into three 
components only, with equidistant separation 
of (eh I 47 rrac)H or hv^ f the same as in the 
normal effect. 

To illustrate, let us consider the Paschen - 
Back effect in the principal series of lithium. The 
fine structure of this series is a doublet , as in the 
case of the principal series of sodium, to which 
the D lines belong. Hence, the doublet com 
sidered arises from transitions P s / 2 —S,/* and 
Piz 2 S l/2 . In the field-free atom, the value 

of J ( = L 4 r S) of the P state may be 
3/2 or 1 / 2 , but in a sufficiently strong magnetic 
field, the L-S coupling is broken and the two sub-states P 3 / 2 and 
no longer have a definite meaning. Rather, we must think of the 
strong field magnetic quantum nfumber ( wil + 2 ms), according to 
which there will be 5 components for the upper P state and 2 com¬ 
ponents for the lower S state : — 



State 
f P 3/2 


P State 




I 

L^l/2 


L 

1 

> 9 

9 9 


s 

+ H 


1 I 


* 9 


h 


S State S |/2 


9 9 


It 


0 


it 


+ 


M 


t? 


% 


h 


m L 

1 

0 

1 

1 

0 

1 

0 

0 


m s 

+ 7* 

+ V. 

+ Vt 

-7* 

— 7* 

— 7a 

+ 7* 
-7* 


(wil 4" 2ms) 
+ 2 
+ 1 



-m 

+ 1 
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Note, The two states for which (m L + 2m s ) 
constitute a single component of the P state. 


bracketed) 


+ 1 
0 
+ t 
0 
-i 


(a 




(m L + i rn s ) 
— +2 


1-- 

|3C AQ 


+ I 


+ 


5 $ 


4 


I 


l 




I 

I 

± 


T 

I 

I 

jit 


£ 


I 

I 

I 

I 

I 


6C 


'2 


Between tho five components of the P state and the two 
components of the S state, ten transitions are possible. But 
the appropriate selection rule 
A ( wil + 2m s ) = 0, f 1 does 
not permit four out of the ten. 

I he allowed six transitions con¬ 
stitute three pairs of coinciding 
lines, since their a {m L + 2 m$) 
coincide, so that only three 
lines will be observed, as in the 
normal effect, with nearly the 
same amount of separation. 

These facts are represented in 
the diagram (Fig. 234). The 
dotted lines indicate the for¬ 
bidden transitions, for which 
A ( to l+ 2w s ) is not 0 or 4- 1. 

Of the six permitted transitions 
indicated by continuous lines, 

(la and 4a), (26 and 56) and 
(3c and 6c) coincide, since the 
values of A (m L + 2w s ) for 

them are +1,0, and — 1 res¬ 
pectively. 

The case considered here 

j * _ 


i 


+i 


i 


-I 


Fig. 234. Diagram representing 
the Paachen-Baek effect in the 
principal series of lithium. 


magnetic resoiuHnnVw^ referst ,° the final state where the 
the field free fin! =, 7 become considerably great compared with 

fieS Sttem 6 wb " °h mal0US n eak '7 W pattern to the P°rmal strong. 

and wh.Vh h,Ch 18 usual] y.referred to as the Paschen-Back effect 

that suggested by tKb^edmpfe dTcSn""" com P iicated than ’ 

between?* 1 ?*™’■ ^ **"“* effect ’ ihere f on >provides a link 
JtL f!r ? ' C P ro ? erties of the atom. For, the 

is explained h 6nerg5 [ ,eve . ls 0r terms of an atom in a magnetic field 
forced the y ° n 7 ^ int0 account ' the directing 

bTthe or^T IT ^ fieW 0n thC at ° miC ma S net constitute! 

e f ‘ ^ " Wh ° ,e is a ma 8 ne t—the resIltanTof 

spiu of the eleT ^ 1 m0U(m * nd the other due to the 

2 magnitude andTe Join “ 8 “ t “ qUantiSed b ° th 

44 

*.n 

the 
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STARK EFFECT 


Introduction. The Stark effect is the electrical analogue of 


the Zeeman effect* Soon after 



Prof. .T. Stark 


e discovery of the Zeeman effect in 
1896, a similar resolution of spec¬ 
tral lines in an applied electric field 
was looked for. But it was only in 
1913 that Stark succeeded for the 
first time in demonstrating such a 
phenomenon in the spectrum of 
the hydrogen atom. The chief 
practical difficult}', which was also 
the cause of failure of earlier in¬ 
vestigators, was the absence of a 
proper technique. The aim was to 
subject hydrogen atoms emitting 
spectral lines to a powerful electric 
field. This was not, however, possi¬ 
ble with the ordinary Geissler tube 
containing hydrogen, since the gas 
in such a tube is comparatively a 
good conductor and hence incap¬ 
able of maintaining a strong elec¬ 
tric field. 


Experimental study. Stark in Germany and Lo Surdo in 
Italy were able to overcome the difficulty stated above, by the use 
of special devices and obtained interesting results. 

Stark’s method. It consists in applying a strong electric field 
to the luminiscent layer just behind the perforated cathode in a 
canal ray tube and analysing the re¬ 
sulting effect with a high resolution 
spectroscope. The arrangement used 
by Stark is shown in Fig. 235. The 
canal ray are produced in an ordi¬ 
nary glass discharge tube provided 
with a perforated cathode C. When 
the pressure in the tube is not very 
low, discharge takes place between 
the anode A and cathode C main¬ 
tained at a suitable P.D., and the 
canal rays stream through the per¬ 
forations in the cathode and form 
behind the cathode narrow cylindri¬ 
cal bundles of luminous rays. A 
third electrode F is placed parallel 

and close to C at a distance of a few p. 235 . Stark’s apparatus, 
millimetres and a very strong elec- (a) transverse view, 

trie field of several thousand volts (6) longitudinal view. 

per cm. is maintained between F . im 

and C. The shortness of the space between F and C is a *jr 
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portant factor, sinco it not only favours the production of the result¬ 
ing great potential irop, but also prevents the spontaneous discharge 
between 1 and C. The P.D. between F and C is great enough to in- 
fluence effectively the ions in that region and distort perceptibly 
their electronic orbits. The effect produced can be studied both 

ZZ7« dV ( T' !°y tl( t' nal {y> «•. bright angles and parallel to the 
direction of the held, lor the transverse view, the light from the 

canal rays enters the spectroscope as in (a) ; for the longitudinal view 
the arrangement is as shown in (6),' 

Stark observed that the lines in tho spectrum emitted bv the 
onal rays of hydrogen were split up, under the action of the applied 
held into numerous sharp components, somewhat after the manner of 

the fieldT" CfleCt ’ * ® om P onents bcin g polarised, some parallel to 
the held (n components), others perpendicular to it (a components) 

Lo Surdo’s method. A little after the announcement of his 
discovery by Stark, Lo Surdo (1914) was able to observe the effect 

itselT,n U tT ng f ""I r ‘ ti0na j field ’ exce P t that of the discharge tube 
itself, in the faint light m front of the cathode. In the discharge 

cathode elo\v W ^ ITV* P ° tentia . 1 ** ver .Y great in the region of the 
cathode glow Lo Surdo enhanced this effect by making the <da R <, 

wa s ofthe discharge tube near the cathode constricted in the form 

a capillary tube and bv adjusting the pressure in such a wav that 

eng ^°f^ cathode dark space was between 1 to 10 mm The 

ght emitted just in this part of the tube showed the Stark splitting. 

Ihis method has the disadvanta^ that nvn ^ •*. , 

^nd distribution ofthe field are not klvn thile i^tl ZTt 

th?« a Uni ? rm T aSUrabl ° electric field is obtained. Further 

variatKf the°fi!n'’ hn . es is . not th e same at all points due to the 

Thus this ^ hod a S nly transverse observations could be made. 

. , tm , s method sacrifices quantitative definitene^ h„t it 

mafv k“ ' >Ur|K, “ f <t>servation8. For 

SurdoWthod ' hove used Lo 

voninvestigations of Stark, Rausch 

don, chiefly witfSLS mXkthSc^. 0 ",^®'!: r“ T" 
».» studied by Foster ud.h a „odifiei iS Sul 1,M * 

in een!!Sta S wi,J h ,L™„t S of b S e LYn.S e rfes"rf h S'‘ 

obtained with the Bal m ,r lines L, be sunimaSeS .?foU^ 

number increcMini^niith 11 ^J nt ° ,a num J )er °f sharp components 

the number of coSen^of n ° f the pnrent l ™- 

•ino, similaHy the components 




692 PHYSICS OF THE ATOM 

direction of the field (n components) and others perpendicular 
(a components). In the longitudinal view the u components are absent, 
while the o components are unpolarised. The intense 7 r components , 
in general , lie outside , while the intense a components lie inside. 

(Hi) The components lie symmetrically on both sides of the ori¬ 
ginal line. The distances of the components from the central line are 
integral multiples of the distance of the least displaced component 
from the centre. If this smallest line interval or * resolution ’ is mea¬ 
sured in the scale of wave numbers, it is found to be the same for all 
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and size, but also as regards their spatial position, that it became 
possible to grapple with the problem of the electrical splitting of the 
hydrogen lines. The explanation was obtained in 1910 by Schwarz- 
child and Epstein almost simultaneously and along essentially similar 

lnC i’ j^ a ^ er ’ ® obl proposed an alternative explanation based on the 
method of perturbations , which brought out the physical nature of the 
process much more vividly. We shall limit ourselves here to a brief 
statement of Epstein’s explanation which accounts practically for all 
the observed facts, a complete treatment being extremely laborious. 

According to the Bohr-Sommerfeld atom model, with the idea 
ol spatial quantisation included, the circular and elliptical orbits of 
the single electron revolving round the nucleus in the hydrogen atom 
will be defined by three quantum numbers referring to their shape 
size and orientation respectively, so that a given total quantum num- 
Der will be made up. of three component quantum numbers. The 
application of an oxternal electric field will distort these electron 
orbits m a rather complicated way ; they will be no longer circular 
or elliptical. The problem consists, in the first place, in determin- 
mg the nature of these distorted orbits of the electron, which consti¬ 
tutes the mechanical part of the solution. Then applying the quan- 
■urn theory to such deformed orbits, we have to select those that are 

aistmguished by having quantum'values for the triple aspect men- 

tioned above and express the orbital energy as a function of the 
tftree quantum numbers involved. This forms the quantum theory 

solut ion. Corresponding to each such quantum triplet in 

f, nd i he , fir i al ° rbitS ’ We have ’ in S eneral > a different com- 
ponent in the Stark fine structure. 

an c .iJ r ! le mec \ anica l problem consists in defining the trajectories of 

tensitv Tr° n - 8ubj ® c < ted t0 th u e act , lon of a uniform electric field of in- 
lty F, m addition to the field of the nuclear charge Ze (Z — 1 for 

SH;, S “ Ch * ' 0 ;“ ned in «“ “*• genera] 9 one” much 

JacoW L. t arblt j; aril y fixed centres of Coulombian attraction ? 
of the sener S , h |° Wn K t i hat th ° a PP ro P r,ate coordinates for the treatment 
ellipse an h v pr, ! blem ar ® thS Parameters of the families of confocal 
tOffetLr wii h h y ^ b ° ae , that , are described about the centres as foci 
The present r . a o p e „ an8 i 0 reck oned from the line connecting the centres. 

general one for if* 1 6 r°/i 1S1<b:rC< ^ as a P art i c ular application of the 
Sv and l ^;- T h ° attractin 8 centres is removed to in- 

parabolae who^ byperbolae resolv u e into two families of confocal 
the nude u r and whT° n ° CUS 18 ‘ • 6 S . e ° 0nd fixed attracting centre, 
form external filial? > T ° mm ' l ’ n ax,s g lvl!S the direction of the uni- 
with are the Darabolin n^°T tb ? m0S ^ conve nient coordinates to work 
pamboUc sv a Lm, ?»“ H n /^ 8 ’ *•*- the Parameters of the two 
tion of thorax is. ^ ^ &n<1 the angle ^ count ed from the direc- 

Let the nucleus be at the origin 0 of coordinates and the direc 


4 
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tion of the external field F be along the X-axis (Fig. 236). Let the 
electron find itself at P at any instant. The position P of the electron 

in the Cartesian system is re¬ 
presented by (z, y) consider¬ 
ing the ( x , y) plane. Tn the 
parabolic system, the same 
point P is represented by 
the intersection of two con- 
focal parabolas whose com¬ 
mon focus is at O and com¬ 
mon axis along the X-axis. 
It can be shown that these 
two parabolas are given by 
the equations : 

y 2 /£ + 2z = 4 (const.) ...(1) 
y % jy\ — 2z = ?] (const*) .**(2) 



Or 


2 _ 


From (1), 2x = £ 


Adding (1) and (2), 

%m + v 2 h = 4 + ^3 
y 2 ( il£+ih)~i+v 

or y = 


-(3) 


y 

- y % !£ = i —or X = 1 /j (I — >3) 

These relations for z and y dxpress the fact that the point P 
can very well be .represented by the parameters £ and v of the above 
specified parabolas. The parabola of parameter £ = constant has 
its axis in the negative direction of the X-axis, while that of para¬ 
meter v = constant in the positive direction of the same axis. 


Passing from the (z, y) plane to three-dimensional space 
has to be considered if the plane of the figure be rotated about the 
X-axis, we shall have to introduce a third parameter to fix the 
point P in space. This third parameter is ip, the angle of rotation of 
the whole figure with respect to a fixed plane. Hence, the position 
P of the electron in space at any instant can be defined in terms oi 
the parabolic coordinates and \p, instead of z, y and 2 of the 
Cartesian svstem. 

Using these parabolic coordinates, let us now find an expression 
that represents the motion of the electron. For this, let us suppose 
that the electron moves to a point P' in a short time dt an< e 
Pl v = ds . This line-element *ds J in space can be expressed as a 
function of the differentials d£, dr t and dip, and we get the relation • 

( d £) 2 , ( tfr ,) 2 


(<*»)* = */« (e -mo j 


+ 


+ 


( 4 ) 


The kinetic energy of the electron is given by 

- / ds\ 1 
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mass ° f . the electron and (dsjdt) its velocity at the 

of the narahnl^ re j- Sln ® e 9 n - (4). ( dsjdt) 2 can be expressed in terms 
01 tfte parabolic coordinates, and this gives 


m 


l M4 + tq) 



(drjdt) 


+ 4 


dip 

dt 


J —(5) 


E • 

Kin = 

ci ■ f cm i i_ w m j ■ m. _ 

? /] J w( , 

orcUnates^^’ an( l (d^/dt) are the parabolic velocity co- 

ordinJ^ 1 " 8 int ° aCC ° Un J t the rnomenta in terms of the parabolic co- 
ormnates, x.e.,p^ Pr> an d ^ (which are obtained by differentiating 

shown'that ^ t0 the P arabolic coordinates), it can be 

1 


®kin = 




4 4?) p 2 + 
0 


4 


M? + 7i) _ 

The potential energy of the electron is given by 

• "p _ Zc 2 .. • 

itpot — — - 4 e F Jr, 

Ai 9 # 







( 6 ) 


from the nnei*^ ™ 4 F of tbe e l ect ron at a distance r = OP 

Sric field lf T d ( t e F *> is P- E. due to the force of the 
. uniform intensity F at a distance x from the X-axis. 

ordinates" 8 relati ° nS (3) > r and * can *»e expressed in parabolic co- 

• r-if rtf = V4 ^ + ^ /i = ' U + y ') J 

• • r — It (c + TJ) and x = i/ t (| _ r ( ) 

Substituting these values of r and x 

Ze 2 


Epot = —- 


+ Va eF (£ — >]) 


(?) 


. B'SSZftOZSi T7hi 'i l^ ,,1< ’ ctr “-' eiv ™ bv Et ”>+ e p». 

motion, is obtained • invariant during the whole 

W,= 1 


j 4 ^ p \ + + (-7 


) 




* 


This relation can be put in the form 


4 - 
* 

2Ze 2 

(iqr^y-+ V» «f (I - y <) 




2«(4 + >)) W = + 4v)p* +fi + 1\ 

5 71 r) ; V 

Tn Tir. -li. * 4mZe 2 4 weF (/ 2 

In Hamiltonian mechanics it is shown that ^ 

„ _ dS . a s 

where S' 1 , ^ ®«’ ' ~ & ^ ** = 9^ 

' ‘ S n ° Wn as the actlon faction, given by the relation : 


r ft 


S 


= 2 / Ekm 


dt 
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Since 0 is a cyclic coordinate, giving the position of the figure 
with respect to the fixed plane and hence varying from 0 to 2 tc, 
Pm — (3S/0v{/) — a constant. Remembering this and substituting for 

and jDyj, 0 Sand ^S jdt] respectively, we get the Jacobi's partial 
differential equation for the motion of the electron as ; 

H + 4 S (-§“)* = 2m (4 + 1) w + 4 mZe" 

^ * 

- me F (4* - V) - (j + -i ) p\ - W 

Separating the variables in this equation, since the separated 
parts, according to a known rule in mathematics, must be equal to 
the same constant which may be conveniently represented by — 2mp, 
we get 


H 



2 m£W — 2 raZe 2 + me F£ 


_ 2 
Ptff 


— — 4 7 ] 


(- 


* 

) + 2mv)W + 2mZe 2 + me Frj 2 — -Jl 

/ 7) 




= — 2mp (a constant) ... (9) 

With tho variables tflus separated, a complete solution becomes 
possible. Without entering into the complicated details of the solu¬ 
tion, we may pass on to the final result concerning the nature of the 
orbits described by the electron, which the solution offers. 

It is found that both the coordinates £ and vj vary continuously 
between a maximum and a minimum value. Hence taking the (a;, y) 

plane, i.e., a plane where tp is 
constant and considering the 
four parabolas <£ — £min-> 

£ ~ £ max** = 

y\ = 7 ] given by the solu¬ 
tion of equation (9), we get a 
curved quadrangle A BCD en¬ 
closed by the four parabolas 
(Fig. 237). The orbital curve 
of the electron is contained 
within that curved quadrila¬ 
teral ; the curve alternately 
touches the parabolas of the 
£ and 7} groups, and in the 
course of time closely covers 
the whole of the curved 
quadrilateral ( Cf. Fig. 237). 
Moreover, the plane contain¬ 
ing tho complicated orbital 
curve rotates in space about 
Fig. 237. the direction of the electric 

field with a rotational velocity d*p / dt , which is [variable within 
certain limits, p& however remaining constant. Thus the electronic 
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orbit is a spatial curve which continuously coils round the direction 
of the field. 

The quantum part of the problem. The first step in the treat- 
1 < of the quantum aspect of the problem is to apply Sommerfeld’s 
quantum conditions to the three parabolic coordinates : — 


= n.h; fip^.dr, = nh ; (£ 


n ,h 
v 


... ( 10 ) 

where and are integral numbers, the first two being called 

parabolic quantum numbers , while the third equatorial quantum num¬ 
ber. lhe three quantum numbers are related to the total quantum 
number was : ^ 


n — + riy + 

The next step is to express the total energy 
above-stated quantum numbers. To do this, t* 
first term may be written as : 


... ( 11 ) 

W in terms of the 
eqn. (9), the 



XT — 


= i|j 2m 4 w 


4- 2m(Ze 2 - p) - »7ieF/* - 


Pq, 


4^ + c. 


+ J 


...(13) 


‘ (12) 

where A, = 2mW, B, = m(Ze 2 - p), C, = - (p ) 2 and D, = — wie F. 
The second term, likewise, may be written as 

^ ^ | 4 2m(Ze 2 + P) + roeF ?) 2 - Hi. 2 

_ i ( . , 2B. C 4 . ° 

^ j A 2 + D 2 7) C 

where A 2 = 2m W, B, - m(Ze 2 4 p), C 2 = - (p^ an d D 2 = 4 meF. 

a ariH* 18 Seen ^ at \= A *’ C > = ° 2 and = — D 2 . Also, both 
p* and Pri are given by expressions that contain W as one of file 
coefficients. T 

we must wnrW^i? eXp ^ S8 ^ tern is of the quantum numbers involved 

pon he relations ( 10 ) giving the quantum conditions. 

Taking £ p^ = h f since p^ is a constant and \p varies 

from 0 to 2n, Ptjf = ^ A/ 27r> so that C, = C 2 (* kj2n)K 

and back again, for £ * similnrlv tt ' y €»»*«* ^ Zmax* 

/ A TV —. . 

1/2 

MM* _i_ „_" | 11 A 1 

I 

+ ) /2 . = n~h 


f 


n -(a, + + + Di | v 


$ 


+ 


+ 


€ T 
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Similarly, 


$ 


p . dr, 
>) 


- = § 


V 2 


A 


2 B 


+ 


+ D 2 yj) 2 . rfvj = MjjA. 


Combining these two to assume the general form of an elliptical 
integral, we may write : 



A 


2B 


+ 


C 


r 2 


+ Dr 


1/2 


. dr 


... (14) 


’where r stands for £ and n for % in one ease, while r for 73 and n 

for ? 2 in the other. Likewise, the coefficients A, B, C, D denote A v 
Bj, Cj, in the first case, and A 2 , B 2 , C 2 , D 2} in the second. 

This elliptical integral can be worked out and it leads to the 
evaluation of A lf B 1? C„ D, and A 2 , Bs, C 2 , D 2 in the two cases. But 
what interests us here is the value of the coefficient A = A* = A 2 , 
which contains W. It turns out to be equal to 

4t 7 2 (mZe 2 ) 2 3A 2 F 


(7l~ 71^ 71^ ) 2 h 2 


47t 2 Ze 


(n 


Y) * "9 

neglecting terms involving higher powers of F. 

2mW, W = -^ 

2 m 


n 5 ) (» 5 + », + n ) 


Since A = A x = A 


W = 


27r 2 mZ 2 e 4 


3h 2 F 


71 . (n — n 


. (15)' 


n 2 h 2 Sn 2 mZe 

replacing (71 ^ ^ ) by n . 

The first term on the right-hand side gives the energy in the 
undisturbed state, which shows that the calculation in parabolic co¬ 
ordinates leads to the same result as in the earlier calculation with 
polar coordinates, (c/. p. 618) and thereby attests to the essential 

soundness of the method used here. 

____ • • - 
The second term gives the perturbation of the first order arising 

from the electric field, since we have neglected terms with higher 

powers of F. Remembering that, wdien F = 0, W reduces to the 

first term only, the second term evidently gives the energy change 

dW produced hy the electric field. 


Hence 


dW = 


3fc 2 F 


(n 


nr ). n 


... (16) 


877 2 mZe v ^ 

This is known as Epstein*s formula which is capable of inter¬ 
preting adequately all the observed facts in the Stark effect of the 
Balmer lines. 

Limitation of the theory proposed. The above method of deriv¬ 
ing the energy value is only an approximate one. Actually the energy 
of the atom in the electric field is to be expressed in the form of a 
series in ascending powers of F, as 

W - W 0 + W X F + W 2 F 2 + W 3 F 3 + ......... 

where W 0 represents the energy in the undisturbed state , W^r m j 




STARK EFFECT 


«99 


be termed the energy of the first order effect, W 2 F 2 of the second or- 

tfer effect and so on. The theory given above takes only the linear 

e . rn \ i ' hito account, and can 1 \;ilain only the linear Stark effect 

which occurs when the applied electric field is sufficiently stronn say 

within the limit of 5,000 to 10,000 volts/cm. in the case of hydrogen. 

he simplest and most direct way of deciding whether a'field is 

s rong or weak is, as in the case of the Zeeman effect, to compare the 

resolution produced by the electric field with the field-free fine struc¬ 
ture separation. 

1 . • i H A , Kra ™ ers > in 1920, worked out the case of very weak fields 
> 11 1 it is only of theoretical interest, as the Stark splitting under 
these circumstances, can hardly be observed. In his final formula 

° ’ ange ,’ the term ofthe first order is absent, while 

that ol the second order appears. This cap be explained as follows • 

the natural doublet separation of a Balraer line arises, as we have 

3 v! r .T t ^ u precess,ona l rosette motion caused by the relativistic 
variability of the mass of the electron. Now, if the field is relatively 

ak, tlie above-mentioned precessional motion is not suppressed anil 
this causes a displacement of the electric centre of gravity. When 

the reln.Hcif 0 stron ® * bat tbe precession due to it is much larger than 
sidenftk 1 y-precession, the electric centre always lies on the same 

however th P iTm thrOUgh » ormal t0 the When, 

compared t ft** V* f° - Weak that the fiftl( J-precession is very small 
ono ^lelf iv, f elatl y ,fc y*P reces sion, the electric centre will lie on 
the othA of A hia p ane during one half of the rosette motion and on 
ternateh/ ^ lde dunng the next half, so that the first order term is al- 

h™ce onlv and n T tiVC , and its tirae average is zero, and 

nly the very small quadratic terra appears. 

order Jf maLl 1 S °n hapP r that , the a PP lied field becomes of the same 
to the 0 e f x ? ag " fi .n aS th v , 6 ,1UC ! ear ficld - ^en the resolution due 
separating Tn 1 ^ u 18 ab ° Ut the same as the bcld-free fine structure 
ternlf 1 h j Case> on that P orti °n of the orbit where the ex- 

to practically nn P f° Sed t0 nUC ‘ ear 5 eld ’ the electron will be subject 

these conditions th^ aiUl v. he ° rblt becomes nideterminate. Under 
bit After th fi the f ° an be no ener 8y transition from or to the or- 

a certio rate Z is P assed > the resolution is, up to 

the field is stfll’fm+h ^ rt . 10nal 10 , F and we have the linear effect. If 
sented l», if further ^creased the resolution is no longer repre- 

of the' second aTh rdati ° n derived abo ^ c - Terms • 

be neglected aad 11, « her , ord ers become appreciable, and hence not to 

the poarTsatiJnntl f Can be c °nsidered as due to 

induces in the at/m - “ by * he eleotrf c field, i.e., the field 

m , . at0m a proportional dipole moment p. = a F. 

tion (lfit mltdtty °f the theor y proposed, (t) Considering rela- 

dW =-g^* F ( . 

Sn*mZe “ n t) n > 

866 that any enor Sy fe vel of total quantum number n is resolved 
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into sub-levels of different energies given by all possible values of 
— n *)> which may be called the Stark effect quantum number . Fur¬ 
ther, since n n ? and n are all whole numbers, the energy separation 

of the sub-levels will be integral multiples of a minimum v-alue equal 
to 3h 2 FjSTr 2 mZe. As the field strength F increases, this quantity will 
also increase, so that the energy change increases 'proportionally to F. 
As the value of the total quantum number n increases, the number 
of quantum triplets into which n may be resolved also increases and 
with it the number of sub-levels, which accounts for the increase in 
complexity of the components with the total quantum number , in agree¬ 
ment with observed facts. 


(ii) If dWf and dW 2 denote the changes of energy produced by 
the electric field in the initial and final states of total quantum num¬ 
bers n 1 and n 2 respectively, the resolution of the component lines in 

terms of frequency is calculated by applying Bohr’s frequency con¬ 
dition : — 


<iv =s 


d\\\ - dW 2 


Now, 

dW , 

and 

dW 2 : 

The indices 1 and 2 are 

since the values of (n-n 

d'j = 

UF 


h 

U 2 F , 
8n 2 mZe ^ _ 


3h*F , 

8AZe’ ^ “ n & ” 2 


n%) will be different in the two cases 



%) 2 n 2 — (n n — n?) l n± 


m * * 


(17) 


87r 2 mZe 

/ 

From this relation we see directly that, since the minimum 
value of the term within the brackets is unity, all the line resolutions 
in a series are whole multiples of a minimum line-interva 
a = 3AF/87r 2 m-Ze, which is also directly proportional to F. * ^ 
accounts for the observed increase in resolution proportionally to 
(linear Stark effect). 

(m) Taking relation (ll),w = n^+ w 7 j+ n * e Q ua ^ or ^ 
quantum number n ^ is conveniently replaced by another, say A, 

relation between the two being given by 

A — — 1, where A = 0, 1, 2, 3. ^ 

since, according to wave mechanics, the quantity A, like l f the or 
quantum number, has to be a positive integer, zero being inc u e 

With this change, the three parabolic quantum numbers n^ t J 
and A have the common characteristic of being able to assume 
positive integral values including zero, viz. y 0 , 1 , 2 ,. (n - l k 

Expressing n& in terms of A, 

+ ^ 1 ^ ‘ ^ 


n — n 


J 
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Representing the 
transition ( n - n A) x 



From this relation, it follows that the total quantum number n can 
assume all positive integral values except zero, i.e., n = 1 jj 3 

According to the vector model, any level of total quantum 
number n consists of a number of sub-levels having characteristic 
values of l and j. In the present treatment, no account has been 
taken of l and j, but new quantum numbers have been introduced 
whose interpretation, is entirely different. Still, it is easy to realise 
that A represents the projection of l on the field direction and thus 
it corresponds to m t used in the Zeeman effect. Hence by corres 
pondence principle, the selection rule for A is the same as for m h viz '. 
A A = () or -{-■ 1 which is further confirmed bj r wave mechanics' 

total quantum number n by («- n A), if the 

. . i \ is possible, then the converse tran¬ 

sition (». n. n A) 2 -> (?v A) t must also be possible. If the former 

leads to a component at a distance + dv from the original line, then 
tne latter leads to a component at a distance — dv. Hence the dis¬ 
placement of the Stark components is symmetrical on both sides of the 
parent line, again in agreement with experimental facts. J 

(tv) Also the polarisation of the lines will be symmetrical since 
polarisation depends only on A, as shown by correspondence principle 
nd since A is left unchanged in the two transitions symmetrically 

f*fP ed about the original line. As in Zeeman effect, here also 
transitions corresponding to a A =» ±1 give rise to lines that are 

none 7?' p ? lan , scd in the P lane normal to the electric vector (o com 

tS 7 In i he view > the y appear in all circumstances 

plane polarised perpendicular to the direction of the field When view 

ed longitudinally, they would appear as circularly polarised if onlv 

one process of emission were observed. In reality, 3 Ever everv 
bservation represents an average of many elementary processes Of 
fcheir total nuraber, the transitions a A ~ 4- 1 occurs f r n m + i 
as the transitions a A = - 1. If the former leaT to ifc ^ 
circular polarisation, the latter leads, just as often to H H 

circular polarisation. The superposition of these l . f 
polarised waves of the same frequency brings about, that PPosdely 
tton of the components is observed in the longitudinal view 

1 fits At 

St; „•? **-<> 

(n components). When they are viewed transveZhU f h ° field 

S7..aiir o " e ' * ■■ 

which appear in the transverse effect whit f components 

the o components are unpolarised" while thi * he ° ngltudlnal effect 
visible. ^ * uUQ the n components are in- 
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(r) We have seen that when the two fields, external and 
nuclear, are of comparable strength, the electron orbit becomes in¬ 
determinate, which excludes energy transitions from or to it. Now, 
since the size r of the orbit varies as n 2 , the force of the nuclear field 
is inversely proportional to Hence, as n increases, the nuclear 
field will decrease rapidly and the external field strength, required to 
oppose the nuclear field and make the orbit indeterminate, will be 
correspondingly less. This explains why certain transitions are sup¬ 
pressed and lines disappear , as the field strength increases , the disappear¬ 
ance occurring at lower valves of F for the lines with higher values of n . 

Calculation shows also that the short-wave components of the 
Stark pattern of each line correspond to transitions starting from 
orbits for which the applied electric field opposes the nuclear attrac¬ 
tion as the electron passes through its position of closest approach 
to the nucleus (perihelion). The long-wave components , on the other 
hand, are due to transitions from orbits for which the greatest 
weakening of the nuclear attraction occurs when the electron is at 
its maximum distance from the nucleus (aphelion). This provides an 
explanation of the experimental fact that the long-wave components 
of any given line disappear at lower field strengths than the correspond¬ 
ing short-wave components . 


THE STARK PATTERN OP THE Hot LINE 

We shall now consider a concrete example, viz., the Stark pat¬ 
tern of the H a line and see how the theory proposed can be applied 
to study it. ' 

Taking relation (17) and putting (3h¥ / SnbnZe) = a, we may 
write : 

d\> = a { (n. n — ) 2 . n 2 — (n^ — ), • »i } 

If we measure the displacements of the components from the 
parent line in terms of the unit a, the displacement A °f an y com " 
ponent in question is given by 

dv * 

A = — =■ *2 (% "" ^) 2 — n i K - n vi 


For the H a line, n x = 3 and n 2 — 2, and hence, 

A = 2 (n^ — %) 2 — 3 (n^ — n^) t — ( 18 ^ 

Considering the upper level (n x = 3), the number of sub-levels 
is given by {n — n z)i- Since n x = 3, the values of.w^ are 2, 1» 
and those of n, 2, 1,0. With each one of the three values of the 

three different values of n v can be combined. 

% 


Thus 




n 7) = 0 - 


We see that (n 


(n. n — nr) 2 0, + 1» + 2 

( W 7j — *^)i = “k ^ 

w ^)i = ^ ^ 

nA can take five different values : 
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SeSS£35SS««ss 

Hrtne , . T v / J may an.se Irora different combina- 

1 118 ° {n o and V In g ene ral, for any given value of n (n - n ) 
can assume values ranging from + ( n — 1) to — ( n — i)’| ^ ’ 

The separations of the five sub-levels in terms oftN •*. . 

are given by “rms or the unit l a 

3 = + 6 > + 3, o, — 3, - o 

e values of the equatorial quantum number A oftlir.- i i 
can be found from the relation • » = ™ ‘ ?\ the8e . sub |e 'eh 


. n l + ^ + 1. In the 
+ n Z + l )> from wJjich the different 


% 

0 

1 

2 

0 

1 

2 
0 

I 

£1 

4/ 


ft 


(*, - » { ); 


A, 


+ 

4> 

4) 

+ 

3 

- 1 


0 

__ o 

+ 

3 

+ 1 


0 

O 

— 

3 

— 1 


0 

+ 2 


3 

0 

+ I 

A 


present case, A, = 3 _ 
values of A;, are found : 

2 
2 
2 

1 
1 
1 
0 
0 

Tf . 0 

It is seen that i < 2 1 g < /« 1 \ ♦ 1 , v 

if a particular subdevel arisTs in'a i" ab f lute value ! also that 
equal number of values for a anri er °f ways, there are an 

value of A, ,„»« ,/X f “a r i „i g ;S™“X P 0 "T k n fH“..““' V 

A i ^ + 2 , + 1 , 0> - 1 and _ 2 Value ' The distinct values of 

-“ilLSt ‘-r,?- of sub-levels i, 

5 are l,o. Combmmg w,th each one of the two values of » *u 

jo different values of three distinct sub-levels (n _ n ) are ob 

tamed as 4 - 1 n 1 u ' n En are ob- 

(n i) - n 0t = + 2, 0, - 2. Th^co^spondiljg^va^ * ar ° g ‘7 en by 

from the relation A, = 2 - ( Wy] + n . + ]} . 2 ® ° bta,ned 

n 2 (n v - n^\ 

+ 2 
0 
0 

The values of A, are + 1,0 — l i ^ \ _ 

= theliwo bet- 

is 0 ** 1 ^ ^^^^h^Th^a^propriate 
^d to eliminate the forbidden tra^^’S^ttre oftlj 


n 

I 

1 

0 

0 


n 5 

0 
1 
0 
1 


A 2 

0 

- 1 
+ 1 
0 
K 
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polarisation of the components is determined by the rule : A A — 0 
gives rise to the tt components, while a A = + 1 to a components : 


Lower state 


i — 


Upper state 



3 (n - 


+ 6 


+ 6 0 

4" 3 rfc 1 
0 0 , 4-2 


A A — (A^ A2 )i 



0 , ±2 4 " 2 
i 1 +5 

0 +8 


— 6 


+ 6 


0 , [ 


4- 1 


± 1 

0, [ ± 2] 

it 1 [ zb 3] 


± 1 | .+ 3 0 , [ ± 2 ] 


± 1 


Nature 

of 

Com¬ 

ponents 



+ 6 


- 3 


- 6 


- S 


4-3 ± 1 i — 5 


4- 1 4“ 1 

0 4 - 4 


dt 1 


0 , ±2 — 2 0 , [ ± 2 ] 


dt 1 


Separating the 7r and a components and rearranging acct 
to the increasing order of A* we get _ Sand 

eight n components : + 8 t + 4 , + 3i + 2, — 2,--3* —* > 
seven c components : +6, 4" 5, -f* ^ ’ * parent 

They are symmetrically arranged on either side o ® P 
line, as indicated by the same positive and negative values a 





STARK EFFECT 


705 




The energy level diagram of the Stark pattern of the H„ line 
predicted by the theory, is given in Fig. 238. 
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Fig. 238. Stark pattern of the H a line. 

Stark auXEon' theT If experimental data obtained by 

(in wave numbed),*°" ^ SCaIe * = 

as shown in Fig. 239. We see^up 
W A - 4, the predictions of the 
theory agree fully with expert- 
mentel results. For instance, the 
positions 0 and 1 are free from n 

components and are occupied by 

? c + ^ m Ponents, whereas the reverse 

^AA C&Se A at the P ositi °ns 2, 3, 

^_ L 4 m °re refined wave 




Fig. 239 . 
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Conclusion. As far as the Balmer lines are concerned, the 
experimental data are found to be in complete accord with the theory 
proposed. But in the development of the theory, the relativity 
effect as well as the spin-interaction energy, whose inclusion, as is 
done in more refined calculations, gives only a small additional split¬ 
ting of certain energy levels, have been neglected. This is, however, 
justified, because the field ordinarily used is so great that the.Stark 
separations are many times larger than the field-free fine structure 
separations, as also the Zeeman splitting obtained with the usual 


fields. 

For^nis very reason, Stark effect is of minor importance in 
the study of atomic spectra. But the reverse is the case in molecular 
spectra , since most molecules have ground electronic state, i.e. t they 
have nomnpaired electrons, no electronic angular momentum or spin, 
and no electronic magnetic moment. With a few significant excep¬ 
tions (such as O2, NO) the magnetic moments are of very low r value. 
The electric dipole moments, however, are of appreciable strength. 
Hence, while magnetic fields of many thousands of gauss often cause 
only very small splitting, electric fields of a few hundred to a few 
thousands volts my completely resolve the individual line com¬ 
ponents. We have already noted the great importance attached to 
the Stark effect in microwave spectroscopy (c/. p.,l 83 ) The theory 
of the Stark effect in rotational spectra was worked out already in 
the early days of quantum mechanics, but lay idle for many years, 
because the resolution in the optical region-was inadequate for is 
application. In a crystal, the Stark effect arising from the electric 
fields exerted by neighbouring ions is very important, as it fo rin ^ 
the basis of the theory of magnetic properties of solids. The Star 
effect has been utilised also in the study of dielectric properties in 
the exploration of conditions in electric discharges and in astroph) sics. 


FORBIDDEN LINES IN ATOMIC SPECTRA 

Forbidden lines are those, which result from transitions that 

are forbidden by the selection rules for L, S and J of the 
model. As we have already noted, such transitions do some 1 ^ 

occur, giving rise to lines, normally with very small intensity. . 
sufficiently intense forbidden lines are found in nebular and au * . 
spectra, which were first wrongly attributed to elements unknow 
terrestrial sources. We shall first of all state the different cause ^ 
the appearance of forbidden lines and then account for the pre 
of such lines in nebular and auroral spectra. 

Forbidden lines may arise due to the following causes 

(t) The selection rule under consideration may be true ^* 0J1 

first approximation. We have an example of this in tie , S t l111 +ion 
rule aS = 0 which holds unconditional^ only under the jL 0 f 

of vanishing coupling between L and S, as in the case 01 e c .] lg \ 
low atomic numbers, (such as helium and some alkaline 
where the terms of the triplet system (S = 1 ) practica 3 
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combine with the terms of the singlet system (S = 0). This selection 
rule, however, becomes less and less rigorous, as the coupling between 
L and S increases, as u the case of elements of higher atomic num- 
jcr.s or larger luultiplet terms. In such cases, forbidden transitions 

do occur, though very weak as compared to the allowed transitions 

Lines that arise out of these forbidden transitions are known as 
tntercombination lines, whose number and intensity increase with in¬ 
creasing atomic number. The best known case of such an intercom- 
bmation line is the mercury resonance line A = 2537, arising from the 
transition P, ->■ iS 0 , rather intense, but considerably weaker, than 
the corresponding non-mtercombination line at A = 1849 arising 
from the transition - «S # . It should be noted that the selec 

tion hnes f ° r J ’ V%Z ” A J = 0 or ± 1 hold s also for the intercombina- 

(tt) A transition which is forbidden as ‘electric dipole’ radiation 

TJiatln'Vl °f i uadru P° h ' radiation or ‘magnet i^dipole ! 

A l electrlc dl P ole 18 constituted by two equal and opno- 
lte electric charges + e and — e, separated by a distance d and the 

moment ol such a dipole is given by e x d. According to the classi- 
al electromagnetic theory of radiation, the simplest model capable 

t e rad ia«on is an oscillating electric dipole, such « 

oscillator. Electromagnetic waves are radiated with the 
same period and hence the same frequency with which the elhetrir 

»3onT b “„ t “ d f0 ? " “ Ch * whil. the 

moment u P°" tlte ^magnitude of the alteration of the dipole 

r“adv s!ated riH aCC ° r f mg , r WaV v. e T chanics * the se,ection rules al- 
eaay stated hold good only for the electric dipole radiation anH 

above general rules have been further reduced to the special fom 

ScSaSjirs ”“t w « h “* Ms th “^ ™ 

A direct consequence of this 

.. ^ iar~ 

o-_0 n tu“ P - llCa ^ ed tha “ th ® one represented here, but 

0 i he s ‘ m P le case is sufficient for our purpose. Al- 

- « +2e _ e if°„ Ugh SUCh asyst ^ has no dipole moment, yet 

a " exter " a ! field which, however, falls off 
Fig. 240 / W u th ' ncreasin g distance than that 

that of the mononole f wJ ?>c h . >tself decreases faster than 

to l/** 3 , 1 ff* and ' re L?ctivdv n i The T P ro P ortional 

must therefore be characterised bv a ouaHrf' l °i' ° f th ® ^uadrupole 
not zero. Now iusr nTa to • ki v ^, ua drnpoIe moment which is 

so also a variable auadrnnnlp la 6 * 'P? e moment leads to radiation, 
ly termed quadruple radiatio ^™AcSffig to wav ^^ ^ 

= 22 ? £ 

gn quite weakly, due to quadrupole radiation. The ratio 
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of the transition probability of ordinary dipole radiation to quadru- 
pole radiation is found to be 1 ; 10' 8 , 

A magnetic dipole is constituted by two equal and opposite 
poles 4" m and — nt separated by a distance d and the moment of 
such a dipole is given by m x d . According to the classical theory, 
a variable magnetic dipole moment, such as that produced by an 
alternating current in a coil, gives rise to electromagnetic radiation 
which is called the magnetic dipole radiation , Correspondingly, in 
wave mechanics, it gives rise to a transition probability which may 
be different from zero, even if the ordinary electric dipole transition 
probability is zero. Thus the transitions which are strictly forbidden 
for electric dipole radiation may occur, though weakly, due to mag¬ 
netic dipole radiation. The transition probability of the magnetic 
dipole radiation is also small compared with that of the electric radia¬ 
tion (10~ 5 : 1), 

It is shown in wave mechanics that similar relations hold good 
both for the electric quadrupole and magnetic dipole radiations. 
Hence we have for these two types of radiations selection rules exactly 
the opposite to the Laporte rule governing electric dipole radiatipns, 
viz., even terms combine only with even and odd only with odd. A direct 
consequence of this is that the combination of two terms of the same 
electron configuration is permitted in the present case. It follows also 
that electric dipole radiation on the one hand and quadrupole or 
magnetic dipole radiation on the other cannot take part simultane¬ 
ously in one and the same transition. 


The following selection rules have been obtained : — 

For the electric quadrupole radiation , 

for L : = 0, ± 1, ± 2 (0 0 excluded) ; 

for J : J = 0, ± 1, ± 2, with the addition that 

Ji 4 J 2 ^ 2, where and J 2 are the values of J in the upper an 
lower states, which means that 0 -> 0, Va Va» 1 -*■ 0 are exclude , 

for S : = 0, the same as in the electric dipole ra i- 

ation fco the same degree of approximation. 

For the magnetic dipole relation, 


radiation. 


for L : A I' = 0, ± 1 

for J : A J = 0, 4 1 (0 0 excluded) 

for S : AS = 0, the same as for the other typ® 8 


Actually, cases have been observed in which transitions tha ^ 
strictly forbidden by the electric dipole selection rules take place ^ 
to electric quadrupole or magnetic dipole radiation. Thus, ot ^ 
stance, the forbidden lines of the alkalis 2 S —> 2 D (note that A~ 
and even terms combine with even) have been observed £ or 

intensity. It is important here to note that the selection ru . ^ 
the Zeeman effect for the quadrupole and magnetic dipole raaia 


A 
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differ from those for ordinary electric dipole radiation and also from 
one another. Consequently an investigation oi the Zeeman effect 
gives an unambiguous criterion for the kind of transition under con¬ 
sideration. Segre and Bakker have shown, from the study of the 
Zeeman effect of the above-mentioned forbidden lines that they are 
undoubtedly due to quadrupole radiation. 

(tit) A third cause for the appearance of forbidden lines may be 
that the selection rules for dipole radiation hold good in the absence of 
electric or magnetic fields but may be , however , transgressed when such 
fields are applied externally or are produced by neighbouring atoms or 
ions. This is known as enforced dipole radiation , in which case, the 
intensity of the forbidden lines may even become comparable to the 
intensity of the allowed lines. The selection rules for the Zeeman 
effect of these enforced dipole radiations differ, as in the previous 
case, from those for ordinary dipole radiation, which, in consequence, 
serve as a sure means of detecting these lines and distinguishing 
th^m from others. Kuhn has observed the higher members of 
the transition 2 S -> -D of the alkalis in the presence of an ex¬ 
ternal magnetic field, which are not seen in the absence of the 
field. Thus we are dealing with enforced dipole radiations here and 
not with the quadrupole radiations mentioned above, which occur 
in the absence of the field and are restricted to the lower members 
of the series. In emission spectra, transitions due to enforced dipole 
radiation are sometimes observed in electric discharges, where elec¬ 
tric fields are always present (external or ion fields). Here also it is 
chiefly the higher members of the series that appear, since they are 

influenced more strongly by the field than the lower. (Cf. Stark 
effect). 

b ..; . f 

(w) Nuclear spin. There occur also lines which contradict the 
selection rules of all the different kinds of radiation, electric dipole, 
quadrupole and magnetic dipole. Thus, in the absorption spectrum 
of mercury vapour wc get a forbidden line A = 2269*8 correspond¬ 
ing to the transition 2 S 0 —> 3 P 2 , and in the emission spectrum the line 
A = 2655*6 corresponding to 3 P 0 l S 0 . According to Bowen, the 
transition is apparently due to the influence of nuclear spin. 

Forbidden lines in nebular and auroral spectra. 

Spectra of nebulae . Telescopic observation shows that in addi¬ 
tion to the stars in the sky there are vast regions of space filled with 
attenuated gases, some of which get hot enough to emit light ; these 
have been classified as^nebulae. It is believed that stars and suns 
are formed by condensation out of huge nebulae. There are great 
numbers of nebulae visible in the telescope and these are at an aver¬ 
age distance of two million light years, while the farthest nebula is 
at a distance of 140 million light years. Our own sun is one of many 
million stars within a nebula, which we know as the Milky way , while 
Wi© Milky way is one of the several million nebulae. There are also 
what are known as spiral nebulae or globular star clusters, one of the 
nearest of which is the nebula in Andromeda, just visible to then aked 
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eye. Mention may be made also of a grouping of about hundred 
nebulae in the neighbourhood of the Polo star. 

In the spectroscopic study of the nebulae, one of the very im¬ 
portant discoveries is the presence of forbidden lines. They were 
first believed to be produced by an element, unknown on earth and 
in the other celestial bodies, to which the name * nebulium * was given 
and the lines themselves were called ‘nebulium lines’. 


Auroral spectra. The aurora is a luminous effect visible in the 
polar regions ; in the northern regions it called the ‘aurora borealis y 
and in the southern regions ‘ aurora australis \ Their appearance is 
very varied, but the frequent and common form consists of an arch 
of pale light with characteristic quivering rays or streamers of a pale 
rose colour radiating from the polar centre. Aurorae are usually ac¬ 
companied by ‘magnetic storms’ and outbursts of energy in the 
photosphere of the sun. Aurorae appear in greater frequency at 
periods of about ll 1 ^ years, which agrees pretty well with the cycles 
of maximum of magnetic storms and of sunspots. The phenomenon 
is believed to be due to the passage of electric discharge through the 
upper rarefied regions of the atmosphere. The earth is exposed to 
a continuous bombardment by the electrons emitted by the sun. 
The earth’s magnetic field tends to deflect these electrons and move 
them towards the polar regions. This taking place in the rarefied 
upper regions of the atmosphere, the phenomena of the discharge 
tube are reproduced. A torrent of electrons constitutes an electric 
current of strength sufficient to produce considerable magnetic effects 
and thus the connection of aurorae with magnetic storms is under¬ 
stood. The spectroscopic analysis of auroral light shows it to be due 
to gaseous matter, its spectrum consisting of a few bright green and 
red lines, apparently characteristic of the gas contents of the upper 
atmosphere. 


In order to explain adequately the appearance of forbidden 
lines in nebular and auroral spectra, certain terms connected with 
the emission of spectral lines, such as mean life , transition probability 
and metastable state have first to be considered. If an electron in an 
atom is displaced from its normal to a higher quantum state, the 
atom which is excited thereby, will return to the normal condition 
with the emission of radiant energy or spectral lines. The time dur¬ 
ing which the electron will remain in the higher quantum state be¬ 
fore dropping into lower states is known as the mean life of the ex¬ 
cited state of the atom. This has been the subject of extensive re¬ 
searches by Wien, Dempster and others and their experiments have 
shown that the mean life of the excited state is of the order of 
10 8 sec., which is very great compared with the time of transition 
from one state to another, this time being computed to be 10' 1S sec., 
i.e. f of the same order of magnitude as the period of radiation emit¬ 
ted. The transition probability is the probability for an atom to drop 
from a higher quantum state to a lower one, giving rise to a spectral 
line. Those states from which the atom cannot go to a lower state 
with the emission of radiation and correspondingly those states 
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cannot be reached by the atom from a lower state by absorption of 
radiation are called metasiahle. 

According to quantum mechanics, it can be shown that the 
mean life is inversely proportional to the transition probability . Hence, 
when the probability of a given transition is extremely small, the 
corresponding upper state has a very long life and can be treated as 
metastable. Further, the intensity of emission or of absorption of 
light by a large number of atoms depends on the magnitude of the 
transition probability. The greater the probability the more intense 
will be the radiation emitted or absorbed. On the other hand, when 
the probability is extremely small, the corresponding upper state will 
be metastable and an atom in such a state, before it could radiate 
spontaneously, has the opportunity to collide many times with other 
atoms and thus lose its excitation energy without radiating. 

We are now in a position to explain the presence of forbidden 
lines, of even appreciable intensity, in nebular and auroral spectra. 
In the case of ordinary terrestrial light sources, the forbidden transi¬ 
tions are very difficult to observe in emission i since, the probability 
of such a transition being extremely small, the corresponding upper 
state has a very long life and an atom in such a metastable state will 
more readily lose its excitation energy by collisions without radiating. 
The influence of collisions may, of course, be kept sufficiently small 
under special conditions, for example, at very low pressures or by the 
addition of gas whose atoms or molecules either are not able to remove 
the excitation energy of the metastable state, or can remove it only 
with difficulty. Since, however, the life of a state which is actually 
metastable to dipole radiation is of the order of seconds as compared 
with the 10 8 sec. mean life of an ordinary excited state, it is almost 
impossible in terrestrial light sources to reach a pressure so low as to 
avoid the offect of collisions, especially since, at low pressures, col¬ 
lisions with the walls of the vessel lead to the loss of excitation 
energy. More favourable conditions are, however, present in cosmic 
light sources, as in the nebulae and aurorae, which make the meta¬ 
stable atoms lose their excitation energy not through collisions, but 
by emitting radiations, when they return to normal. 

Bowen, in 1927, was the first to show that the so-called ne- 
bulium lines arise from forbidden transitions between the low or deep 
terms of ionised oxygen and nitrogen. Transitions between such low 
terms involving dipole radiation are strictly forbidden by the Laporte 
rule, as these terms belong to the same electron configuration. Bowen 
established that the wavelengths of the forbidden lines, calculated 
rom the combination of these terms, agreed very well with the wave¬ 
lengths of the so far unexplained nebulium lines and that, therefore, 
it was no longer necessary to assume the presence of a new element 
in the nebulae. Actually, the conditions in the nebulae are extremely 
iavourable for occurrence of these forbidden lines. For, it is esti- 
mated that the densities in the nebulae are of the order of 10' 17 to 

/in fiiSv^rr * C * Assuming a reasonable value for the temperature 
V ,000 K approximately) the time between two collisions suff ered by 
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an atom l ecomes very great, 10 to 10 4 secs. Thus, when the ionised 
oxygen and nitrogen atoms, which are certainly present in the ne¬ 
bulae, go into the low metastable states by allowed transitions from 
higher states, they remain there uninfluenced, until they radiate 
spontaneously. A large fraction of the more highly excited ions must 
come eventually into these states and practically every ion goes from 
them to the ground state by radiation. This explains why the for¬ 
bidden lines are very intense in nebulae, whereas they arc not obser¬ 
ved in terrestrial light sources, in which the other allowed lines of 
ionised oxygen and nitrogen appear strongly. 

In a similar manner, Me Lennan and Paschen have explained 
the green and red auroral lines as corresponding to forbidden .transi¬ 
tions of the neutral oxygen atoms. The auroral lines have also been 
obtained in the laboratory in suitable light sources by McLennan and 
Shram, and Paschen, for example, in discharges through argon with a 
small addition of oxj^gen. The destruction of the metastable state of 
the ox} r gen atoms is considerably prevented by the argon atoms. 

EXPERIMENTAL CONFIRMATION OF THE VECTOR MODEL 

The three fundamental concepts on which the vector atom 
model is built are : (t) spatial quantisation, (tt) spinning electron 
and (tit) a quantised atomic magnetic moment. Although the pheno¬ 
mena of the fine structure of spectral lines and Zeeman effect may be 
considered as experimental evidence of the validity of the vector 
atom model, they are still only indirect proofs , since the various 
characteristics of the vector model have been introduced empirically, 
based on them. This leaves the desirability of having an independent 
and direct experimental confirmation of the above-mentioned funda¬ 
mental postulates of the proposed model. 

STERN AND GERLACH EXPERIMENT 

The experiments on the deflection of a beam of “atomic rays” 
in a non-homogeneous magnetic field, first devised by Stern and 
Gerlach and since then elaborated in many directions by different 
workers, have achieved this purpose of offering a very direct and most 
convincing confirmation of the essential features of the vector atom model. 
Not only the theoretical significance of the results obtained, but also 
the delicacy and ingenuity of the measurements involved make the 
Stern and Gerlach experiment one of outstanding interest and impor¬ 
tance . 

Principle. The atom, with its magnetic moment arising from 
the orbital and spin motions of the electrons in it, may be regarded 
as an elementary magnet, whose dimensions, though small, are yet ' 
finite. If this atomic magnet be placed in a magnetic field, it will be 
acted upon by the field. But the nature of this action will depend 
on the nature of the field. 

If the field is homogeneous, the atomic magnet will experience 
merely a couple which will rotate its axis into the direction of the 
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field, sinco the externa! field acts upon its poles 
posite forces. If the atomic magnet moves in sue) 
normal to the field, although its 
magnetic axis will be rotated into the 
direction of the field, it will trace a 
straight line path without any devia- j 

tion, t e., without any translational J 

displacement. *2 

On the other hand, if the field is F 

non-homogeneous , the forces on the ^ 

two poles will not be equal, which , 

would result in a translatory displace- A 

ment of the atom as a whole, over 
and above the rotation of its axis 
into the direction of the field. If then, 
the atomic magnet flies across such a 
non-homogeneousfield normal to the 
field direction, it willbe deviated away 
from its rectilinear path . 

An expression for the amount 
of the deviation thus produced may 
be obtained as follows :— 

Let the magnetic field be non-homoge neon 
tion, so that the field gradient is dH/d X and is 


with equal and op- 
a field in a direction 


Prof. Stern 




Hence the forces on the two pc 
the field are pH and p {H + (d. 

means that, over and above the equi 

tuting the rotating couple, there 

P .(rfH/dX, l cos 0 acting on one of 1 

"hich displaces the atom as a W'hole 
we have 


\~dx ) cos * = Mcos * Uir) -d) 

eenennthat the atomic magnet flies across the non-homo- 

from il! d - u nght L a . nglos t0 the Iines of for <>e, it will be displaced 
this diftnN rai ^^ fo the field direction. To find the amount of 
p acement, let v be the velocity of the atomic magnet of mass 



714 


PHYSICS OF THE ATOM 


rti as it enters the field, L the length of its path in the field and t the 
time of flight through the field. 

The acceleration ol x imparted to the atom along the field direc¬ 
tion by the translatory force F x is given by F x jm. 

The displacement D x of the atom along the field direction at 
the end of time t is given by 

D x = cl x . t z = \ (F x /m) (Ljv) 2 , 

since t = (L jv), the velocity of the atom perpendicular to the field 
being unaffected by the force in the field direction. 

Substituting the value of F^ from (1), * 

Ti 1 M cos 6 dU f L \* 

* 2 ‘ m * dX * ^ ~) 

If /x be the resolved component of the magnetic moment in the field 
direction, then 


T> _ 1 ft dlt / L \ 2 

x 2 nr * rfx \~j 

From this relation we see that if D x , m , dH/dX, L and v are 
M can be calculated. If dEjdX = 0, t.e., if the field is made 
geneous, = 0, i.e. % there is no deviation. 


... ( 2 ) 

known, 

homo- 


Since D* oc dH/dX, the amount of deviation is determined by 
the degree of inhomogeneity of the field. In fact, to produce even a 
small measurable displacement, the inhomogeneity must be so marked, 
that the field changes even within the small length (of the order of 
10" 8 cm.) of the atomic magnet. Stern and Gerlach succeeded in 
producing a sufficient degree of non-homogeneity by a suitable con¬ 
struction of the pole-pieces of a magnet, one piece being shaped as a 
knife-edge, while the other had a flat face provided with a groove, as 
shown in the figure 'below. The magnetic lines of force, in conse¬ 
quence, crowd together at the knife-edge, so that the field strength is 
considerably greater there than at the other pole-piece. 

Apparatus* The experimental arrangement devised by Stern 
and Gerlach is shown diagrammatically in Fig. 242. 

A sample X of the substance to be examined is heated in an 
electric oven O and, in consequence, sends out atomic rays in all dircc- 



Fig. 242. Apparatus used in the Stern and Gerlach experiment. 

tions with a velocity corresponding to the temperature of vaporisa¬ 
tion. By the use of slits Si and S* a sharp linear beam of atoms is 
obtained, which then passes between the specially shaped pole-pi©®® 8 
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of uhe electromagnet MM. The magnetic ield is made as intense and 
non-homogeneous as possible, its lines of force being perpendicular to 
the direction the beam. Finally the beam is made to strike a suit* 
ably prepared plate P, placed normal to the initial direction of the 
beam. The entire apparatus is in an evacuated chamber. 

The arrangement, though simple in design, involves a very deli¬ 
cate technique in which a large number ol details have to be care- 
ully attended to. The diiferent parts of the apparatus are quite 
small. In some cases, the pole-piece is about 5 cms. long, the oven 
2 cms. long and the recording plate 3 mm. square. The distance 

between the knife-edge and the plane of the shotted pole-piece is 
about 1 mm. 


Experimental procedure* In performing the experiment, 
the following precautions have to be taken : — 


(a) As the deflections obtained are small, the different parts of 
the apparatus must be carefully and accurately aligned. 

(ft) The Qfven must be capable of withstanding a high tempera- 

ure and this must be under delicate control as regards constancy 
over long’periods. 

-(c) The velocity of the atoms depends on the oven temperature 
which must be measured thermoelectricalJy or optically. For atoms 
m ermal equilibrium, the kinetic theory of gases gives the relation 

~ mv* = JL IcT or v =a /ML 

where, to and v are the mass and velocity of the atom, k is Boltz- 
ann s constant and T the absolute temperature. Some preliminary 

however, showed that the mean velocity of the atoms 
suing through slits was somewhat greater than this ; and hence the 
verage value is to be taken as 


v = 


V 


3-5 &T 


order to prevent collisions of the atoms in the beam with 
e * and molecules of any residual gas, the chamber must be 
exhausted fora long time, liquid air and charcoal being used. 

bv mooL , A . ccu * ate measurement of dH/dX is not easy. It is obtained 
of a tkir, *7? repulsion, at various points between the pole-pieces, 

bls “ uth W1 \ e mounted parallel to the edge of the knife-edge 

in the va lii fjuuv 10 '! 18 al f a y s f° ur, d necessary for the variation 
beam ia 6 ° .u a l° n g the path of the deflected beam, as the 
m is nearer the pole-piece at entrance into the field than at exit. 

them L;Lui n ° th £ r P r . ol ? lem j 8 the development of the traces to render 

plrt '' differe " t “” u fc ' •“» 

it is n?^!? o^hese several technical difficulties to be overcome, 
carried to experiments begun few were 
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Silver was the first to be investigated very completely, many 
series of experiments being made* With other elements, it was then 
possible to test whether the apparatus was functioning properly by 
interpolating experiments with silver. 

Meissner and Scheffers improved the technique in the following 
manner which enabled the deviation to be measured very accura¬ 
tely. Working with alkali metals, they caused the deflected beam to 
impinge on a heated tungsten filament instead of the receiving plate. 
The atoms of the alkali metals, on striking the hot filament, lost 
their electrons and were liberated as positive ions ; the ionisation cur¬ 
rent thereby produced was measured in different positions and from 

the positions of the maximum current the magnetic deviation was 
accurately found. 

Phipps and Taylor successfully carried out the difficult but im¬ 
portant experimental determination of the magnetic moment of the 
hydrogen atom. The hydrogen atoms were produced in a long dis¬ 
charge tube under appropriate conditions or by dissociating the mole¬ 
cules by means of a hot filament. A stream containing a fairly high 
proportion of atomic hydrogen was passed through three special slits 
in a glass tube, between which two high vacuum pumps were opera¬ 
ting bo that the emergent beam contained effectively free atoms. This 
atomic beam after passing through a powerful non-uniform magnetic 
field was received on a plate coated with molybdenum trioxide. The 
atoms reduce the oxide and so produce a visible trace. A sharply 
defined blue line against a white background was the result in the 
absence of the field, while when the field was on, the beam was sepa¬ 
rated into two, and two traces were obtained. For determining the 
exact positions of the deviated lines microphotographs were taken. 
From the deviation thus measured the magnetic moment of the 
hydrogen atom was calculated to be one Bohr magneton within the 
limits of experimental error. 


Results* 

line was traced 



(a) (A) 


*Fig. 243. 
Traces obtained 
with silver 
atoms. 

(a) without field ; 
(&) with field. 


In the case of silver, with the field off, a fairly sharp 
by the atomic beam on the receiving plate. On 
establishing the non-homogeneous field a double 
trace was obtained, one on either side of the original 
trace. The traces obtained *were somewhat as 
shown in Fig. 243. The irregularity in the right- 
hand trace is due to the irregularity of the magne¬ 
tic field near the knife-edge pole-piece. The con¬ 
vergence at the top and bottom arises from the fact 
that the field gradient decreases transversely. The 
traces actually obtained are much smaller than 
what is shown here, but they can be magnified for 
easy measurement. A certain diffusiveness un ’ 
avoidable owing to the velocity distribution (Max* 
wellian) of the atoms, but the magnetic splitting o 
the beam is relatively great enough, that this dinu- 
siveness becomes of secondary importance. Ine 
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mean deviation 1> X of the beam caused by the field can be measured 
from the traces with fair accuracy. Thus D x being known, and the 
other quantities such as dH/dX, L and v being readily measured, /x 
can be calculated. In the case of silver, it was found to be equal to 
one Bohr magneton. The results, obtained with other elements ex¬ 
perimented upon, may be summarised as follows :— 

Cu , Au, H, Li, Na, K : all gave double traces, the separation 
leading to the value of /x = ; 1 Bohr magneton, like silver. 

Zti, Cd , Hg, Sn , Pb : no effect was produced by the field. 
Hence i* — 0. 

Tl ( Thallium ) : the trace was divided into two, there being a 
definite absence of undeviated atoms. The deviation gave the value 
of /x = -j- 1/3 Bohr magneton. 

Sb, Bi : Sb showed only an undeviated trace. The Bi trace 
obtained by Stern and Gerlach was remarkable in showing a one-sid¬ 
ed continuous broadening indicating not only undeviated but also 
strongly attracted carriers., But later, a symmetrical splitting was 
obtained by Leu who showed that the distribution of density was 

consistent with the presence of atoms having values for /x in the ratio 
of 1 : 3. * 

Ni, Co, Fe : Nickel showed curious results in that three clearly 
defined traces appeared, one of them in the undeviated position it¬ 
self, which meant that some of the atoms have no magnetic moment 
(g = 0). For the deviated traces /x was somewhat greater than one 
magneton. In addition to the three pronounced traces, there were 
indications of the presence of atoms of moments considerably greater. 
Iron, after repeated trials, gave indications that its atoms might 
have a value of /t greater than six. In the case of cobalt, a value 
°f /x = 6 could just be established. 

Interpretation of results. It is important to consider, in the 
first place, whether the beam consists of single atoms or molecules, 
since the experiments directly give the resolved moments .of the 
carriers, whether atoms or molecules. At the temperatures employed 
there is little doubt that the vapours of Cu, Ag, Au, Sn, Pb and Tl 
are monatomic, so that the values of jx deduced for them do corres¬ 
pond to atomic moments. Ni, Co, Fe, are also probably monatomic. 

beam Wlth ^ Sb there * S large pro P ortion molecules in the 

only the 8ure cases > is possible to show how the 
obtained offer a beautiful confirmation of the fundamental 
postulates of the vector model :— 

tinr. quantisation. The classical theory lays no restric- 

dirpMiVi 6 °f the atomic magnet with respect to the field 

» _TVf 11 * , vabies 180° for the angle $ in the relation 

in7h»^ S u bemg P ermissible * Hence the displacement of the atoms 

n- omogeneous field -should cover a continuous range, so 
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that Qi continuous diffuse band should bo obtained on the receiving 
plate. Further, on account of the Maxwellian distribution of velo¬ 
cities of the atoms in the beam, the densest part of the trace should 
be in the centre, since the number of atoms whose axes make angles 
between 6 and ( 6-\-dd ) with the field is nearly proportional to sin 0 
an hence a large fraction of the atoms would be oriented nearly 
transversely to the field and so would suffer very small deflections. 

On the other hand, according to the spatial quantisation theory , 
not all settings are possible for the atomic magnet with respect to 
the field direction, but only a certain discrete number. If the total 
angular momentum quantum number of the atom is J the permitted 
orientations are (2J + 1). Hence on the plate instead of obtaining 
a continuous band, (2J + 1) distinct traces should be obtained. 

urt er, if the atom under test belongs to the one-electron system and 
is in the ground state , L = 0, S = i/ a = J, so that (2J + I) = 2. In 

such a case, therefore, only two orientations are permitted and hence 
two traces should be obtained on the plate. In the case of many - 
^ ^otron system , the atoms in the ground state can have higher values 
of J since although L = 0, S can assume values 0, 1, 1/2, 3/2. 2, etc., 
and J = S, The number of permitted orientations may be greater 
than two, so that more complex setting of the beam could be exj>ec- 

ted . e.g., for atoms of 6 S 5/2 term, J being equal to 5/2, six traces 
should be obtained on the plate. 

99 The separation between the traces should be proportional to the 
y ’ va lues, since p = m 3 .g in Bohr units (Cf. p. 686), and neighbour* 
ing traces will differ by unity in the values of mj in every case. 

All these conclusions of the spatial quantisation theory are ex- 
actly verified by the results of the Stern and Gerlach experiment. 
Thus (t) H , Li, Na , K, Cu , Ag, Au , all belonging to the first column 
of the periodic table , have in the ground state the spectral term 2 Sj/j, 
which means that 2J —1 = 2. They all give only two traces as 
expected from theory. As soon as the atoms of these elements enter 
the magnetic field their magnetic axes orient themselves in the two 
permitted directions parallel and antiparallel to the field direction, no 
intermediate position being allowed. Further, in this case g = 2 and 

m 3 = ± 1/2, so that y. = -j- 1 Bohr magneton, actually obtained 
from experimental data. 

(ii) Zn , Cd, Hg , belonging to the second column , have two s 
electrons outside closed shells, and their normal state, as indicated by 
their spectra, is This means that J = 0 and hence the atom as 

a whole has no resultant angular momentum and no magnetic mo¬ 
ment. This is why no effect is produced on the atoms of these ele¬ 
ments by the field. 

(Hi) Tl belonging to the third column has one p electron in addi¬ 
tion to, completed groups. This gives a 2 P ]/2 ground term, t.e., 

L = 1, S — 1/2, J = 1/2, 2 J -|- 1 = 2. Hence it gives rise to two 
traces. The value of m 3 . g as calculated from the **g" formula is /3, 
which agrees with the experimental result. 
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(it;) Sn , Pb , belonging to the fourth column , have two p elec¬ 
trons not forming a completed group, but the total magnetic moment 
vanishes in their normal 3 P 0 state. This is why-the atoms of these 
elements are undeviated by the field in the experiment. 

(6), Electron spin. Considering the well established -case of 
silver,Experiment clearly shows that the atomic beam of silver is 
split up by the magnetic field into two parts of approximately equal 
intensity. Further, the value of the magnetic moment obtained is 
rt 1 Bohr magneton. From theory it is known that for the normal 
state of the silver atom L = 0. Hence, if the spin of the electron 
does not exist. S would be zero, so that J also would be equal to 
zero and there would be no splitting of the atomic beam into two 
components. If, on the contrary, the existence of electron spin is 
admitted and the value of 1/2 be given to S in this case, there is 
perfect agreement between theory and experiment. 

The case of hydrogen is much more interesting. The experi¬ 
mental result obtained by Phipps and Taylor, viz/, the magnetic 
moment of the hydrogen atom is one Bohr magneton, could be ac¬ 
counted for in a straightforward manner on the orbital theory, with¬ 
out taking into account the spin of the electron at all. But accord¬ 
ing to quantum mechanics, the electron field of the hydrogen atom 
in the normal state possesses spherical symmetry and must, there¬ 
fore, under all circumstances, show perfect isotropy in collisions 
with other atoms. This was tested by Fraser in a most ingenious 
experiment, in which he determined whether there was a change in 
the relative number of neutral atoms and protons which passed 
through a ‘resting gas’, when a magnetic field was applied. To within 
one or two per cent there was no change. This indicates that as far 
as the electric charge is concerned the hydrogen atom is spherically 
symmetrical. This leads to zero magnetic moment for the normal 
state, whereas experiment gives 4- 1 Bohr magneton. Hence the 
spin of the electron must exist , since it is the spin which orients in this 
case, so that the corresponding magnetic moment equals one Bohr 
magneton, while the orbital magnetic moment instead of being orien¬ 
ted at random, would set itself at right angles to the field. 

(c) Atomic and quantum nature of magnetism. The idea 
of atomic nature of magnetism goes back to the days of Weber/The 
view that paramagnetic substances have a permanent molecular 
magnetic moment, while diamagnetic substances possess no such mo¬ 
ment is a long established fact in the physical theory of magnetism. 
Weber was the first to develop this idea on the molecular current 
Hypothesis of Ampere. It was next rendered certain by Langevin’s 
treatment of paramagnetism based on the kinetic theorv of gases and 
ouiiamagnetism on the basis of the classical electron theory (Cf, pp. 

° I j i 1911. from experimental data then available, 

nf^V* , e J ia ^ ^ l ® re was a fundamental unit of magnetic moment, 
which all atomic ami molecular moments were multiples. This 

p?Hm V + S t'h 0 Weiss magneton, whese value was 

estimated to bo 1123 5 gauss-cm. per gram-atom or per gram-mole- 
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cule, which gives 1*85 x 10' 21 gauss-cm. per atom or per molecule 
(Cf. p. 96). With the advent of the quantum theory, another funda¬ 
mental unit, known as the Bohr magneton, came to be recognised. 
Its value was found to be 5,590 gauss-cm, per gram-atom or 

9’21 x 10 21 gauss-cm. per atom, which ^therefore, almost five times 
as large as the older unit (Cf. p. 635). 


The Stern and Gerlach experiment not only confirms the general 
conclusions of the classical theory about para- and dia-magnetism, but 
goes much further and establishes the quantum nature and atomic 
origin of magnetism. For, in the first place, according to the results 
of the experiments, substances which are found to be diamagnetic 
have no atomic magnetic moment (/* = 0), e.g ., Zn, Cd, Hg, Pb, Sn, 
etc. Substances which are paramagnetic are made up of atoms with 
one valency electron in the ground state, thereby giving rise to a 
magnetic moment of 1 Bohr magneton due to the spin of the single 
free electron : e.g.> H, Li, the alkalis, Cu, Ag, Au. Ferromagnetic 
substances (Fe, Ni, Co) are made up of atoms with intermediate in¬ 
complete electronic shells and have a large value for the atomic mo¬ 
ment. 

Secondly, the results establish also that the true fundamental 
unit is the Bohr magneton and not the Weiss magneton. The latter 
based on the classical theory, according to which all possible orienta¬ 
tions of the atomic axis with respect to the field are permissible, has 
only an apparent existence. The former is the one given by the ex¬ 
periment of Stern and Gerlach and conforms to the quantum theory; 
it alone, therefore, has a real existence. 


If the Bohr magneton is the true fundamental unit, one would 
expect the magnetic moments of different atoms to be integral multi¬ 
ples of the Bohr magneton. But the values obtained experimentally 
are seldom such multiples. Pauli, in 1920, was the first to attempt 
an explanation of this difficulty as follows :— 

According to the classical theory of Langevin, any orientation 
of the elementary magnet is possible, so that in the relation 
Cm — Vs (ctqV R) the factor x / 3 is the result of taking the average value 

of cos 2 B , t.e., cos 2 B = 1 / 3 (Cf. pp, 83-85). But in the quantum theory, 
the orientations of the elementary magnet are quantised and can 
assume only a few discrete positions with respect to the field direc¬ 
tion. In consequence, the average value of cos 1 6 should be taken 
only for a discrete number of values of 6 and cos 2 6 will have a dif¬ 
ferent value for every different quantum number. Pauli showed 
that 


cos 2 B = V, ( n + 1) (2n 4- 1) 

' 3 2n 2 


... ( 1 ) 


where n is the quantum number which determines the number of 
discrete orientations and. hence the number of Bohr magnetons in the 
elementary magnet. 

[It may be noted that relation (1) is derived from the fact that 
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the sum of the squares of the integers from 1 to n has the value 

If i 

Ex * = Y (n + J ) ( n + V*) 

tends F to°™/ rel the°val!i We 8ee , that - as * approaches infinity, 6 
* - 1. * - o and ... di,“Z Xnel, ^ibl'o“t“L th eT’ 7 ' , F ° r 

:riTi »"o i 

» is equal to >/, (1 + ■/,) - */”“p„rT- TJh” 7 '’'"''f''" “" d 
fitted orientations, viz., cos d J\ V L i,~ ^ here 4 . are three P er ' 

i" XiT”* 1 ? 5 "« *“ “"togral ,:L°. f 

option,. b Ul b . e s" r ^ 9 

«po" «». quantum numb,, defining ,t. t; n tLt P9 “' 8 

molecule given by a 1 S? rnt ”^L etic moment per gram- 
C.„,id, riil£ihe y ,i; p ,j t C "'“ S „ 2 ; ^ “efiued b, (1). 

the r n,um th “ ry: b « •£ 

vr t f™.rb.^f to w h * , ""'° f,h0 ”“*»»“» should b. 

ton « approximately fi“ Umls ° f B ° hr msgne - 

value of the format ,Lld be 5 8 7 tim, I w ”* 8net0n - ‘ h<> 

magneton L 5 .ZTS 8RCm/5 ’ 30 that the ^lue of the 
oftheBohrr^gnetonTsIvm-t 1 ^ he ^ ,SS ”’ agneton a “d the value 
since, in this case, two orie^tatinn« meS h ° WelSS ma g“ e <»n. Further, 

the Bohr magneton shou 'd t x IZSjP^ ?J “ J alUe 
magneton. x 1o / 8 = 13-7 times the Weiss 

irteZT’o^. W *iS , Md f « «»t-o para, 

given the values for their mSf^ ( ° 2) and nitric oxide (NO) have 

magnetons respectively which a^L^T 8 aS L 14 2 and 9-2 Weiss 

f or » = 2 and « = i y ’ In £ agree ^ losel y Wlth the theoretical value 
b « joined in such s way tha^th^r , 0 ^ 86 ?’ the tw0 atoms must 
^ith nitric oxide the two atoms are S V ^ al mo , mentS add U P> whd ® 
tion so that the magnetic moment If + P ed P aralle . 1 to the fi °l d direc- 
°f each of the atoms TTnf * * , molecule is the same as that 

paramagnetic gases for a further'eh* t' y ’ t ^ ere ex ist no monaitomic 

Pauli’s theory wL m^rn ^ °, he ? kln g U P of this point. 

merfeld (1925), i n the light oS Y ^ workers > Particularly Som- 

tional conceptions of spatial * m.Jnt at ° m model wifch its add »- 
.9 factor, etc. 9 quantisation, electron spin, Land4’s 

^mS'” 1 ,*«” 1 is equal 

*k» ba.i., 1.^ SSSSrJSjy” !na + *“»-<•• On 

46 I / I i = « Pob 2 0 (Of. p. 84). 
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If IT is the mean resolved magnetic moment in the .field direc¬ 
tion, /T/ fi = I/I* and the above relation can be written as 

^ I p = a cos 2 # *•* (2) 

According to the vector atom model, the resolved magnetic 
moments in the field direction are confined to mj . g values (in Bohr 
units) where mj can take only (2J + 1) values, from + J to — J at 
units intervals, viz., J, (J - 1), (J - 2).- J and g is the Landss 

splitting factor, a function of J, L and S (Cf. p. 686). Under these 

conditions relation (2) can be replaced by 

! ... (3) 


ja 


= a 


77? j 


since oos 3 = vn j/J * 

As there are (2J -f 1) valves for mj, from + J 

1 1 


* * * « 


• • to J * 


P — 


= a 




' 2J H- I * J 2 




l ) 2 - ( 


-j*) i 


... (4) 


V- = 


= a (J + 1) / 3J. 

Substituting fiH/kT for a, and gJ for /*, the value of> , in terms 
of the Bohr unit, is given by 

Mb 2 H <7 2 J 2 (J -J - 1) 

3/fcT ' J 

If Mb be the Bohr unit per gram-atom and Nm the Avogadro s 
number, the atomic susceptibility is given by 

/T.Nm <7 2 J(J + 1)M b 2 ...(5) 

H 3RT 

If M w is* the value of the Weiss magneton and p the number of 
Weiss magnetons per gram-atom, v 

p = R T X M /^w 
Substituting for x M from (5),_ 


— 


p = (Mb / Mw) 9 \/d(J -f- f) 

Since Mb / Mw= 4*97, _ - 

p = 4*97 g J («J + A) 


... ( 6 ) 

can- be 


Thus, the number of Weiss magnetons per 
calculated for any atom or ion The simplest case rn that^ of ^ ^ 
in an S state, when the magnetic moment is entirely au 
tron spins, t.e., g = 2 and J = S, so that 

# • • l * / 


p = 4*97 <\/4S (S + 1) 



to 


The permitted values of S are 0, 1/2,1, 3/2 
0^2 3.unbalanced electrons, the magnetic m 


0, 1, 2, 3.in Bohr units. 
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Spectroscopic state 


magneton 


These p values were found to agree closel’ 
tal values for the rare earth ions. But for the i 
ion group, the theoretical values were complete 
observed. Since atoms and ions are not necessa 

m r 4 C ° m u P et f ex P res9ion ( fi > has in, general to 
(W-8) in his treatment of paramagnetism on th 
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gyromagnetic effect 

The existence of electron i— * 
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spin is experimentally confirmed also 
- gyromagnetic effect. According to 

mavnofioa+7 C0T ^P°^S magnetic moment 
magnetisation of a substance means ultimately 

p n m the direction of the magnetising 

iron, for instance, should cause 

—» piece of iron with- 

tise it. These two comple- 
as the gyromagnetic effect, 

rdinary conditions, has been 
th aspects by delicate ex* 
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motion, which is 2mc/e ( = pi/Mi). This shows that all magnetio 
phenomenaYlepends on the existence of elementary magnets , originating 
not from the orbital motion but from the spin of electrons. This conclu¬ 
sion has been further confirmed by the study of ionic paramagnetism 
which gives considerable support to the view that the orbital moment, 
though present, may not be fully effective, as we shall see in the next 
section when we deal with the wave mechanical theory of paramag¬ 
netism. The result obtained establishes also that the spin of the 

electron is 1/2. 

The converse effect to the one described above was discovered 
by Barnett in 1915 and hence is sometimes called the Barnett effect . 
Rotating very rapidly a cylindrical iron rod about its axis, the mag¬ 
netic moment thereby acquired by the rod was measured, and the 
gyromagnetic ratio was determined which had the same value mcje as 

in the previous case. 

Thus the different essential characteristics of the vector atom 
model are confirmed by the experiments of Stern and Gerlachand the 

gyromagnetic effect. 


CONCLUSION 

There is* no doubt that the vector model is a superb and many- 
sided conception, which has enabled us to solve most of the impor¬ 
tant and intricate problems concerning atomic structure and spectral 
phenomena. It has offered a rational interpretation of the electronic 
structure in the atom, leading up to a logical classification o e ® 
ments into a periodic system ; it has succeeded in giving a comp e e 
interpretation of atomic spectra and in particular, a cogent expiana- 
tion of the complex * * fine structure’ * of spectral lines as well as o 
Zeeman effect for such lines with anomalous characteristics. 

But the great drawback of this model is that it does not 
itself as a single unified system, containing the necessary theore i _ 
justification of its principles and postulates. These are jntrod . 
somewhat piecemeal, partly on empirical data and partly by an ^gy* 
No adequate reasons are given for the use of spatial quantisa 
of electron spin with half integer value ; the assumptions ot discre^ 
enerev states and of emission of radiation when the atom pass _ 
one of those states to another are arbitrary as in the older m dl^, 
the selection and intensity rules adopted are derived pnmw y y ^ 
and error from experimental results. The model is, The 

an empirical one, which requires a sound theoreticai foundation. 

most recent theory known as the wave mechanical_ato e 

plies this want and presents a picture of the peripheral 

the atom, the best that can he had in the present state ot 

THE WAVE MECHANICAL ATOM MODEL 

A detailed study of this model is beyond the scope of th^ ^ 
A masterly treatment by Dirao of the relativistic theory w 

tron based on wave mechanics offers, almost w _ 0 jn 

effort, the theoretical justification of the postulates and con 
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of the vector model. We shall limit ourselves to a brief survey of the 
essentia* features of this new conception, indicating the great advance 
made over the older models. 

According to wave mechanics, in order to have a complete 
picture of the electron, we should consider it under the double aspect 
of particle and wave. The chance of finding a moving electron at a 
given point is therefore governed by a wave equation which necessari- 
yinvolyes a certain degree of uncertainty about its exact position 
(C/. p. 495). The older atom models, which placed the electron at a 
precise point in a well-defined orbit, did not take into account the 

correct nature of the electron and to this fact all their shortcomings 
are ultimate]}' to be.traced. 


The wave mechanical theory of the atom can be explained in a 
simple manner, i.e., without entering into complicated mathematical 
treatment, by analogy with other forms of waves. Free electrons, 
rutted from some source and spreading outwards through a vacuum 
'£5® 1: 7® the rl PP*the surface of a large pond, which advance 
flpKi the T rc f. of disturbance in everwidening circles, becoming 
J er as . distance irom the starting point increases, until finally 
they are hardly perceptible. On the other hand, electrons in an 
tom. experiencing the electrostatic attractive force of the nucleus 

stationarv pr - Vented fr T leaving ite neighbourhood, are like the 
a nlr n " y Wa 7 S Se \ Up , by the reflecti °n of the ripples at the walls of 
statmr W Vesse ln wblcb the rl PP les ate produced, or better still, like 

nodes IrhH, SCt - “ P m a , fixed 8tring with a num her of loops and 

electron wav tHe var f^ us ™ odes °t vibration. On this analogy, the 

bouldarv ffu m 7 be sa,d t0 be reflected back w hen they reach the 

» “C aLra £!'" ° f lh " “»"■ * ofimportMt conclu- 

elertil! R f“oval of individualistic particle picture of the 

definite orb™ is heT° m ‘ GlVlng to ’ he electron a fixed position in a 
buted over the whole"™ 1 COrr f e ^' J he el , ec t r °n probability is distri- 

in an Som Sev VTtl “r' S6Veral e,ectrons are contained 
not possible to siv tl t Wr lndlVldu f ltlea to a certain extent, as it is 
lity waves” re nr 11 t ,‘ at ".7 P artlcu lar part of any of the ‘‘probabi- 
tron. Hn lng tbe electrons belongs to any particular elec- 

its former vividne^ 8 n?t? tUr | e i tb ^ atom. The atom loses much of 
tronic orbits for the ° er ?° dels with their well-defined elec- 
an y distance'from the nnHe" P r< ?hahility does n°t vanish sharply at 

that theoretically there is a chance^f Zer °u ° nly at infinit y> so 
,n space. But there ®hance of hndmg the electron anywhere 

ut there is a region where the probability falls steeply to 
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a small Value and this corresponds roughly to what is ordinarily call¬ 
ed the boundary of the atom. 

(tit) Quantum stationary states of the atom. The station¬ 
ary electron waves can vibrate in different modes which imply dif¬ 
ferent wavelengths and frequencies and therefore different amounts 
of energy in the system. In the mathematical treatment of the pro¬ 
blem, this means that the equation representing the stationary 
waves in the atom can be solved only when certain coefficients are 
given appropriate values, which must be whole numbers or occasional¬ 
ly simple fractions, like the different harmonics of a fundamental vib¬ 
ration. These coefficients correspond to the quantum numbers of the 
older models, but they appear here quite naturally as characteristic 
solutions of the wave equation, whereas in the older theories they 
were introduced somewhat artificially, with the only reason that they 
were found necessary for a satisfactory interpretation of the experi¬ 
mentally observed atomic and spectral phenomena. The veracity of 
these remarks can be easily established by the application of Schroe- 
dinger’s wave equation to the simple case of the one-electron atom. 


SOLUTION OF SCHROEDINGER’S EQUATION FOR THE 

ONE-ELECTRON ATOM 

In this problem an electron of charge e is at a distance r from 
the nucleus of charge Ze, so that the potential energy of the electron 
in the field of the nucleus is 


V = 


Ze 2 


... ( 1 ) 


Taking into account the motion of the nucleus of mass M, the elec¬ 
tronic mass m is to be replaced by the reduced mass m' given by 

... ( 2 ) 

mi + M 

Substituting these values in Schroedinger’s wave equation, we g e ^ 
the wave-equation of* the one-electron atom : 


m = 


VV + 


87r 2 ???' 


w + 


Ze 2 


J # = 


0 


... (3) 


h 2 \ ' r 

In the solution of this equation, wave functions are 
subject to the restrictive boundary conditions that and its fars 
vatives are everywhere finite, single-valued and continuous. 

Further, for solving second-order partial differential e< ^ U ^ oria ] 
of this type, it is found more convenient to use three- 1Da fy 
polar coordinates (r, 0, 9 ) instead of Cartesian coordinates ( > three 
For. then, it is found possible to replace the single e ^ uat *? n e y a ria- 
total differential equations, each containing one of the tnre of 
bit's, r, 6, or 9 . The solutions of the three equations, witn wv ^ 
appropriate boundary conditions, lead to the following resu s 

(a) The appearance of three coefficients , n , l and A, all iid 9 
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governed by the * condition 

I A | < l < n ... (4 

with the possible values of n as 1, 2, 3, 4, 5., of / as 0, 1, 2 } 3, 4 

up to (n — 1) and of A all integral values from — l through 0 to + i 
and hence (2/ + 1) values. These numbers, n f i and A serve as eon- 
v !ii - i I ■ *ie wave iunctions and are commonly called “quan¬ 
tum numbers”, t\e. f the wave function^ is dependent upon the 
values assigned to «, l and A and is designated as $ n ix- 

(b) While there exist solutions for all positive values of the total 
energy W y solutions are possible for negative values of IT only when W 
has the discrete proper values , given by 

w 2n 2 m , e*Z 2 

W= -- ( 6 ) 

It is readily seen that equation (5) is identical with the expres¬ 
sion for the energies of the stationary states characterised by the 
total quantum number n in Bohr’s theory. The case W = 0 corres- 

J ^ I * , Tj | 'he atom when the electron has been removed 
to an infinite distance from the nucleus ; hence W < 0 corresponds 

o the ease of elliptical orbits of Bohr’s theory, where energy must 

be suppned to remove the electron from the bondage of the atom. 

he case \\ > 0 corresponds to Bohr’s hyperbolic and parabolic or¬ 
bits giving rise to the continuous spectrum beyond the series limit. 

.. . (*) Stationary states. Considering the expression (4) it is realised 
, hat while n corresponds to the total quantum number as staled above, 
ts associated with the orbital quantum number and A with the maqnetic 
orbital quantum number m, of the vector atom model. In this way wave 
mechanics accounts for all the stationary states of the older Models 

th“\ any arbitrary hypothesis or assumption being introduced in 
the solution of its fundamental equation. 

functi™? » Ugh di T et0 energy - lcvels defined h y the proper wave 
there , 1 „Z. ,!! 0 ^° ng 5i^ SS0c,ated w,th electron orbits as such, yet 
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probability of finding the electron within a spherical shell of radius r 
and thickness dr. Plotting | ^ | 3 .47rr 2 against r for quantum num¬ 
bers n = 1,^=0, n = 2, l = i, and n = .3, l = 2, which evidently 
correspond to the circular orbits in Bohr’s theory, curves as shown 
in Fig..244 are obtained. From these curves it is seen that the prob¬ 
ability of finding the electron at any distance from the nucleus has a 
maximum value at a distance equal to the radius of the correspond¬ 
ing Bohr orbit, which is proportional to n % . 


The quantum number l determines the number of nodal sur¬ 
faces, depending on the angular coordinates. Hence, for each per¬ 
mitted value of the energy W only certain classes of vibrational 
modes are possible, the actual modes becoming more complicated the 
greater the value of the quantum number n. These can be analysed 
graphically by plotting | $ | 2 .47cr 2 against r for different values of 
n and l. The curves obtained demonstrate that the elliptical orbits 
correspond to electron probability distributions with various maxima 
at different distances, and that the property of eccentricity in the 
ellipse finds its analogue in the complexity of the radial distribution 
of the probability function in the wave mechanical model. It is to 
be noted that in spite of their complicated probability distribution 
the wave mechanical vibration corresponding to Bohr ellipses of high 
eccentricity possess complete spherical symmetry . 


(d) Spatial quantisation. It can also be shown that a given 
wave function ip n ix represents a particular state of the electron, in 
which its angular momentum about the axis of the polar coordinates 
has the definite value A. h/27T. This means that in the (21+1) 
quantum states that exist for a given n and J, the angular momen¬ 
tum A about the polar axis ranges by integral steps from + l * hfirc 
through 0 to —* l. k/2w. Such a variation of the angular momen¬ 
tum from one state to another is represented, if we imagine that the 
angular momentum of the electron has a fixed value of l units, each 
of magnitude &/2xr, but is inclined at various discrete angles to the 
axis. This corresponds to the spatial quantisation of the vector 
model. Wave mechanics proves further that the total angular 
momentum of the atom in a state of quantum number l is not equal 

to l. h/2 7c but to 11J + l) . hj 27 T f and has no fixed vector direc¬ 
tion as in the classical theory. 


(e) Electron spin . Dirac, in 15)28, in order to bring the wave 
mechanical theory into harmony with the theory of relativity, adopt¬ 
ed a wave equation, different from that of Schroedinger, but 
form able to the relativistic postulate of symmetry ( cf. p. 489). T 
new equation which has four wave functions instead of one, when 
solved, leads automatically, without any special assumption, to re¬ 
sults equivalent to those deduced from electron spin* According 
Dirac’s theory, the electron behaves as if it had an internal ^ 

momentum or spin and an associated magnetic moment. This mig 
be understood by a consideration of the fact that, if a wave packe 
formed representing the electron, there is in it, in general, somet mg 
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like ft closed curreM or eddy of probability that can be regarded as 
analogous to the spin motion. 

i lie complete Dirac theory with the four wave functions is 
seldom used in spectroscopic study. A more simple form, first sug¬ 
gested by Pauli in 1925, in v inch only two wave*functions are used, 

■ ie for each direction of spin moment, is ordinarily employed. The 
spatial probability density is then |^+| 3 + | </»_ | 2 , where and 
stand for the two functions. Both wave functions have the same 
orm as regards space coordinates for the one-electron atom. In such 
a case, it is convenient to take account of spin merely by adding two 
more quantum numbers s and ft. The first o* these which corres- 
ponds to the spin quantum number s has always the fixed value l j 2 ; 

o va ue of ft which corresponds to the magnetic spin quantum 
num er m s is -j- l / 2 for one of the two wave functions and — 1 j 2 for 
tne other. Since 5 never changes, it need not be indicated ; a wave 
junction is therefore completely defined by n, /, A, ft and is desig- 
na e as ifi nl x H .. Tlie spin angular momentum is analogous to the or- 
ital angular momentum and is given by 1) . A/2?r. 


f + u CC ° rd , ing wave mechanics, therefore, de6nite values for a 
0 1 + 1( i Se .u 9 uan tum numbers n t l , A and ft are required to define 
ip e e v the mode of a wave S3 7 stem which correspond to a parti¬ 
cular energy level. (Cf. Pauli’s principle, p. 632). 

Non-radiative character of the stationary states. In 

t & t a l0nar y wave system, the amplitude at any given point is cons- 

1 0es no ^ change with time. Now, considering the wave 
pie . lan ! ca a ^m from the point of view of what is known as the 
eWr° niC i cloud . VOUU(1 the nucleus or the density distribution of the 
hilitv C C ,n the atom, which also represents the electron proba- 
eWtrio n \ in ^ er P re ^^pg the square of the amplitude as measuring the 
Doint m c ] a ^ e . density, it follows that the charge density at any 

arTlr St , b l independent of time * This means that for any station- 

the phftpl° i i 6 *? 10 ?’ no ma ^ ter ^ ow great the proper energy value, 
There hii ( 18 nhution must be static, t.e., must not vary with time, 
states tv! ng r movement of electric charge in the permitted energy 
in ennifin! a ° m Sl | c ^ ; s ^ ates cannot radiate electromagnetic energy 
naturally W1 th classical electrodynamics. Thus we arrive quite 

an arbit^ Q a a resi J w ^i°h in older theories had to be assumed as 

ry postulate contrary to the classical theory. 

probahilll^ 6 ^ 1 ^ ?^ 6 case an alytically, for a given state, the 
* ise l /Ta^ ,ng the ®!ectric charge e in a volume element 
atom ma r iv V In,the classical theory the radiation emitted by the 

trie dinnlo 6 Ca 0,1 a tcd from the time-rate of variation of the elec- 
c ai P° le moment p of the atom. 

in Wftv« y l hG ® orres Pondenee principle, the connection should be true 

mechanics is ?” ICS ,^ 30- dipole moment p according to wave 

S lvcn 
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where r is the radius vector from the nucleus to the point of integra¬ 
tion. 

It can he shown that the above integral vanishes for all states 
of the atom, so that the dipole moment also vanishes. In conse¬ 
quence, the radiation emitted is equal to zero. This means that the 
stationary states do not radiate, due to the fact that the radiations 
from the individual moving elements of the electronic cloud cancel 
each other by interference. 

(v) Emission of radiation governed by Bohr’s frequency 
condition. When two vibrations of somewhat different frequencies 
are superimposed they give rise to the so-called “beat phenomena , 
in which the amplitude waxes and wanes with a frequency, equal to 
the difference between the two superposed frequencies. In a similar 
manner, when two different modes of the wave S3 7 stem corresponding 
to two permitted energy states of the atom can be oxcited simulta¬ 
neously so that they are superimposed, radiation, whose frequency 
is given by the number of heats per second between the frequencies 
of the two electron waves superposed, will be emitted. If we once 
again interpret the square of the amplitude of vibration in the wave 
mechanical model as a measure of the electric charge density, it is 
readily seen that, when different energy states are simultaneously 
excited, the charge density at any given point is no longer constan 
but varies with time. Hence, there is an oscillation of the electnc 
charge which must give rise to the emission of electromagnetic waves. 
The frequency of these emitted waves will be the beat frequency. 
vl be the frequency of light emitted and Vi and v 2 be the frequencies 
of the two superimposed vibrations of electron w r aves, then 

vl = Vj — v* 

According to the wave mechanical theory the energy W of a station 
ary state is given by W = hv , where v is the frequency of the e e ^ 7 r fl 
waves corresponding to that state. Hence v r = Wj/A.and v 2 = 2 / * 

where W/and W 2 are the energies of the two states involved. 

W, - W s 

V L - -*- 

Thus we arrive logically at Bohr’s frequency condition which wa 
introduced arbitrarily as a fundamental postulate of his t eorv, 
variance with the classical standpoint. 

Reviewing the case analytically, in analogy with the dens* y 
function I 0 | 2 of a definite state, we can find the “transition © ■ ^ 

|i// n f* corresponding totihe transition from a state n to ano _ 
m. The dipole moment corresponding to this transition is gi 

Pn'm = « f r I <Pnm I 2 dv - 

jfg 

Further, as. the transition corresponds to the “beat phenomeno 
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rhythm is given by the time factor 

p-(27Tt//i) (W n - W m ) t 


of the transition density, and its frequency by 

W, - W„ 


v n m — 


h 


• — p v p-^ n iv nm t 

* * Pnm c r nm c 

According to the classical theory, such a dipole moment will* 
radiate per unit time the energy 

J = % ( 2*v„„ ) 4 I r Bm I® 

where e is the electronic charge, c the velocity of light, v nwi the fre¬ 
quency of the radiation emitted and r nm the matrix element of the 
vector coordinate r. 

Thus, according to wave mechanics, the emitted radiation is 
obtained by calculating, in purely correspondence fashion, the radia¬ 
tion emitted by an oscillating dipole, on classical principles. From 
this it follows automatically that the origin of spectral lines due to 
electronic jumps from one quantum state to another is not contrary 
to the classical theory, which the older theories failed to recognise. 

It is not to be understood, however, that both states n and m 
are excited simultaneously when emission takes place ; it is rather a 
matter of their virtual presence. Radiation takes place when the 
wave system changes from vibrating in one mode to vibrating in 
another. 

(v£) Intensity and selection roles. The intensity of a spec¬ 
tra] line is the product of two factors, the number of excited atoms 
and the radiating strength J of an individual atom. Exact calcula¬ 
tion of the intensity J of the individual elementary act, depending 
upon the evaluation of the matrix elements, leads to the selection 
ruls of a l = ±1 and aA = 0, i 1 in the case of the one-electron 
atom, since ail matrix elements which do not correspond to one of the 
transitions mentioned, vanish, and with them vanishes also the radia¬ 
tion of the corresponding frequencies. There are no selection rules 
for the total quantum number n, but the probability of transition 
from a state ?i 2 to a state n x becomes smaller with increase of 
An, == n 2 — n v This means that the intensity of the lines of a series 
falls off progressively as one passes towards higher members of the 
series. It is to be noted that the selection and intensity rules, assumed 
as ad hoc hypotheses in the older theories, are obtained by a 
rigorously deductive method in the wave mechanical theory. 

Thus wave mechanics is able to account adequately for all the 
postulates assumed by the older theories. Further, it has the supreme 
merit, in a scientific theory, of reducing the number of fundamental 

postulates. 
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It must be emphasised, however, that the analogies used in ex¬ 
plaining the wave mechanical atom model are very imperfect. For 
the simplest one-electron system, the wave equation may be consi¬ 
dered literally to mean the electron probability in three dimensions 
round the nucleus as centre of force. But for more complex systems 
the equations involve more than three dimensions so that the situa¬ 
tion is no longer one that can be visualised. Wave equations can, 
however, be constructed for as many dimensions as we wish, though 
the problem will then be solved with greater difficulty and with fewer 
Concrete pictures to help and guide. Thus, for instance, in the appli¬ 
cations of wave mechanics to many-electron atoms, very little pro¬ 
gress has been made except by means of a method of approximation 
known as the perturbation theory. Hence, although the wave mecha¬ 
nical theory has displaced the older theories for purposes of rigorous 
treatment, required for a detailed interpretation of observed facts 
and for predicting new ones, it is still found exceedingly convenient 
and fairly reliable to work with the vector atom model. 

SOME APPLICATIONS OF THE WAVE MECHANICAL THEORY 

The important applications of the wave mechanical theory may 
be classified as follows :— 

1. The hydrogen and helium atoms. 

2. Magnetic properties of materials. 

3. Optical and X-ray spectra of atoms and molecules. 

4. Zeeman and Stark effects. 

5. Phenomena involving interaction between matter and radi¬ 
ation, such as dispersion, thermionic and photoelectric 
effects, Compton effect, Raman effect. Auger effect, etc. 

6. Alternating intensities in band spectra—para- and ortho- 
Jiydrogen. 

7. Scattering of electrons, protons, neutrons and alpha parti¬ 
cles in their passage through matter. 

8. Alpha and beta disintegrations of radioactive substances. 

9. Artificial transmutations. 

10. Nuclear properties, such, as nuclear spin and magnetic 
moment, nuclear statistics, nuclear stability, etc. 

The list is not exhaustive. We have already indicated some of 
these applications (c/. pp. 454, 531, 608, 614, 627, 668, 680, 7 )• 

We-shall here deal only with the first two, viz. applications to 
hydrogen and helium atoms and to the magnetic properties of ma er 
ials, since they*are directly related to the peripheral electronic struc 
ture of the atom, the subject matter of this chapter. Most °* . 
other important applications are considered in their appropna 
places. 
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1. HYDROGEN AND HELIUM ATOMS 

A. The hydrogen atom. A complete, but rather complica¬ 
ted, wave mechanical theory of the hydrogen atom is worked out on 
lines indicated above, viz., solution of Schroedinger’s equation for the 
one-eleetruii atom (Cf. p. 726). We shall now propose a simplified 

treatment, which holdes good for the hydrooen atom in the around 
state. 


The Sohroetlinger wave equation for the hydrogen atom is 

87i 2 m' 


VhA + 


+ 


ill = 0 




... ( 1 ) 


. h 2 \ t 

since the potential energy V of the electron in the field~of the nucleus 
is — e 2 /r. 

Per the ground staue under consideration e 2 /r is spherically 

symmetrical. Hence there will be a class of solutions for ip which 

are also spherically symmetrical. Further r depends only on the 
coordinates x, y, z and is given by 

r — (x 2 +■ y* -f z 2 ) 1 / 2 
dr 

dx ~~ 


so that 


x 


(X 2 + 1J 2 + 22 ) 1/2 


X 

r 


angles 


If it be assumed that 0 depends only on rand not on the polai 
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* — -- 

dr 

+ 


d 2 p 

’dr 2 

2/ 2 

'15- 

dip 

dr 
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Adding, we get 

3 dp 

i m — 

r dr 

_3_ 
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x 2 + y 2 A z 


d 2 p __ x 2 y 2 -\- z 2 dip 
dr 2 r 3 dr 
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dr dr 2 




&P d 2 p 
V '* + dT* 
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We can therefore rewrite equation (1) as 


% 


d 2 tp . 2 

T~ 


dtp 


+ 


Sn 2 m' 


+f-) 


r < 2 r /i 2 V 

Let the solution of this equation be 

\p = ••• (^) 

where a is constant which satisfies the boundary condition, viz,, 
*P 0 when r is large. 

Differentiating (3) twice, 

dtp 


dr 

dr ' 1 

Substituting these in (2), 

2 a 

— - . e 


a e 


- ra 


2 o-ra 


a- e 


a e' ra 


- ra 


+ 


87 7 2 m' 


or 


r 


a 2 — 


( 


W 


„,o 

C** 


2 a 


*1~ 


h 2 

87r 2 m'XV 


^ e"'° = 0 




+ 


87T 2 W 6 


'^2 


rs 0 


h 2 r 


Regrouping, 


87r 2 m'W 

a +— v — + 


/ S^m'e 2 

V P - 


2 a ^ = 0 


Equating separately to zero the terras independent of r and the 
berms involving r, 

q 2 + 87r2m ' W = 0 or W ° a/ ** 


h 2 


87 r 2 m'e 2 


2 a = 0 or 


a 


87r 2 m' 

47r 2 «t / e 2 


W 


167r 4 m' 2 e 4 


X 


h 2 


h 2 

27r 2 w , e 4 


... (4) 


" ' 87 T-m' A 2 ‘ 

This represents the energy of the hydrogen atom in the ground 

itate (n = 1 ). . 

The probability of finding the electron in a volume dv is given 

jy if l 2 . do = e~ lar . dv. 

If do is the volume contained between two spheres oi raaii t 
ind r + dr the probability of finding the electron is e' 2 ". 4jtt . dr. 

This shows that the probability (r 2 . e' 2 *') is small both when 
r is small due to the r 2 term and when r is large due to the e 

b 6 rm - t 

The most probable value of r is obtained differentiating t e 
expression r 2 . e~ 2ar and equating to zero, with the result tha r 
found to be equal to 1 /a. 

Hence r -= Wl^m'e 2 . This gives the radius of the first J*on 

The energy and radii of the other orbits of the hydrogen atom 

oaci be' derived by a treatment, somewhat more complicated, an 

, - • % 
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can be shown that * 116 eit < ; * rg 1 h < ■ (:i 1 ■ * 

2n 2 m'e l 


W n = - 


n 2 A' 


and its radius by 


r n — 


n 2 h 2 


A -n 


It is to be noted that the result obtained with the simplified 
treatment of the hydrogen atom in the ground state is of great signi¬ 
ficance ; for, it emphasises the fact that the hydrogen atom possesses 
perfect spherical symmetry in its lowest energy state, which the older 
theories could not account for. 


B. The helium atom. Observations on the helium spectrum 
show that there are two distinct states in the helium atom, each 
with its own series of energy levels and associated spectral lines. 
They are known as OTthoheliuwi and paTaheliuTn. The triplet systei 
o the helium spectrum belongs to orthohelium, while the singlet 
system to parahelium. It has been found that no intercombination of 
the two systems is possible and that the ortho terms arc three times 
as numerous as the para terms. As a result of the existence oi these 
two different states, the calculated energy of the ground state comes 
out very *different from the observed value. The older theories are 
incapable of explaining these facts, while an adequate solution is 
obtained in the wave mechanical theory. 


The Schroedinger wave equation for the helium atom can bo 
readily formed by substituting for the potential energy 

2e 2 2e 2 , e 2 

- --— T - —"—> 


V = - 


r.> 


r l '2 ' 12 

where r t and r 2 are the distances of the two electrons from the 
nucleus and r 12 is the distance between the two electrons. The quan¬ 
tities — 2 e i jr 1 and — 2 e 2 /r 2 represent the potential energies of the 
electrons in the field of the nucleus ( + 2e ), while + e 2 /r l2 the in¬ 
teraction between the two electrons. Neglecting, for the present, the 
interaction term, the wave equation for the helium atom is 

877 . 2 e 2 , 2 e 2 


V 2 ^ + 


h 1 


( W + 


+ 


ip = 0 . 


( 1 ) 


This equation can be solved only apprdximately and the proper 
energy value is found to be 

1 


W = - 4 It 


{-■ 
V n i 


+ 


n 2 


* m 


( 2 ) 


whero n x and are positive integers associated with the respective 

proper values for the two electrons, which in this case can be obtained 

separately, one electron being in the n th , Bohr orbit and the other in 
the 

The energy of the ground state is obtained by putting n x =n 2 — \ 

*nd from relation (2) is equal to — 8 R, i.e., — 8 x 13*6 = — 108 *8 

volts. The experimentally observed value, however, is only — 78'£ 
volts. 
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The difference indicates that the interaction term has a large 
effect and hence we are not justified in neglecting it. 

The interaction ( + e 2 / r v2 ) between the two electrons has been 
adequately explained on the basis of a resonance effect which is quite 
peculiar to wave mechanics and is due to the identity of all electrons. 
The mathematical treatment of the problem of anatomic system con¬ 
taining two electrons given by Heisenberg leads to two proper func¬ 
tions and two different sets of energy states, corresponding to the 
spins of the two electrons being parallel (orthohelium) or antiparallel 
(parabelium). In the ground state,however, where n — n 1 = t? 2 — 1, 
there is only one finite solution. This is in agreement with observa¬ 
tion, for, the lowest term of the orthohelium system has n = 2. There 
is an energy difference of 19-8 volts between the lowest term ol 
helium ( J S) and the next higher (2 3 S). 

It may be remarked that, according to the wave mechanical 
theory, whenever two identical 'particles interact , there are two possible 
proper functions and two different energy values for the pair considered 
as a whole system. This is known as the wave-mechanical resonance 
effect and has been successfully applied in the interpretation of other 
phenomena also, such as para and ortho hydrogen, alternating inten¬ 
sity in band spectra, covalent binding (exchange force) in the h 3 r drogen 
molecule, ferromagnetism, etc, 

2. MAGNETIC PROPERTIES OF MATERIALS 

A. Diamagnetism. As already remarked (Cf. p. 718) atoms 
and ions will be diamagnetic, only if the resultant spin and orbital 
momentum of the electrons in them is zero, or in general, if they are 
in a iS 0 state, as are the inert gases (He, Ne, A, etc.) and ions of other 
elements which have their electronic configurations similar to those of 
the inert gases (e.g. the alkali ions Na + , K+, Rb + , Cs + , the alkaline 
earth ions Mg++, Ca ++ , Sr ++ , Ba ++ , the halogen ions F', Cl", Br', 1“» 
the metal ions Cu + Ag + , Au + , etc.). The diamagnetic susceptibili¬ 
ties have been measured carefully for several of the above-cited 
elements. 

Pauli was the first, in 1920, to attempt a theoretical interpreta¬ 
tion of the diamagnetism of the inert gases, based on the symmetry 
of their electronic structure (Cf, p. 77). Calculating the value of R 2 > 
the mean square of the radius of the atom, he proved definitely that 
the experimentally measured atomic susceptibility, though agreeing 
with the theoretical value as regards the order of magnitude, was far 
greater than any reasonable theory would allow. 

With the introduction of the quantum orbital theory, the pro¬ 
blem was reconsidered and the following expression for R 2 was 
obtained : 

R2 . = a » 2 %■ (t 712 “ T **) "* (1) 

where R refers to an n, k orbit, a Q is the radius of the innermost (1,1) 
orbit m the hydrogen atom and Z the effective nuclear charge. 
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This relation gives the contribution, wi 
makes to the atomic diamagnetic susceptibility 

- 2*85 x 10 10 a 0 2 

or, substituting the value of a n — 0*532 x 10" 8 


is the orbital quantum number, equal to (k - 
lis gives the gram*atomic susceptibility 

3/ (l + 1) 


Xa = — 0*81 x 10 

' li i the summation is to be taken over all the electrons in the atom 
tne appropriate effective Z being used for each. 

For the n = 1, l = 0 hydrogen 

relation (*) gives a result three 
times as great as relation (2). The effee- 

tive nuclear charge of He from the \ 

observed value of susceptibility comes % N 

out as 1*61, which is quite satisfactory. jp 

i auling, in 1927, using the wave - rrirfii 

mechanical theory with the charge 
istribution conception of the. atom, '% 2 \ 

deduced the relation ' : 
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formula calculated the diamagnetic susceptibilities for the inert gases 
as well as for inert gas-like ions. The calculated values agree fairly 
well with those observed, except for ions containing a large number 
of electrons for which the calculated values are too high. Pauling s 
calculations necessarily involved a number of rough approximations. 

Stoner, in 1929, using Hartree’s 1 self-consistent ’ field method 
which is applicable to spherically symmetrical atoms and which 
enables the charge distribution satisfying the Schroedinger equation 
to be evaluated much more precisely, has calculated the diamagnetic 
susceptibilities for He, K + , Na- + , Rb + and Cl". In the first four cases 
the theoretical values are in good agreement with those observed. 
For Cl", however, the calculated value is too high, which has been 
explained as due to cither small errors in the charge distribution for 
large values of orbital radius or different ‘boundary conditions for 
an ion in solution or in a crystal, the theory proposed being applica¬ 
ble only to a free ion. 

Thus the wave mechanical theory, under its various aspects has 
well nigh solved, in a constant manner, the problem of the inner 
mechanism of the diamagnetic effect, viz., that it is a universal pro¬ 
perty, arising from the action of an applied magnetic field on the 
individual electronic orbits in the atom. 


B. Paramagnetism. Wave mechanics has been able to in¬ 
troduce further refinements in the theory of paramagnetism concern¬ 
ing two points chiefly, viz., (t) the p values of the ions of the firs 
transition series of elements and ( ii ) the time required for orientation 
of the atomic magnets in the field direction. 


(i) The p values in the first transition group of elements. Experi¬ 
mental study has shown that paramagnetism is a characteristic pro¬ 
perty of ions which have an incomplete group of electrons, hence o 
ions of the various transition series of elements. The ions of the 
first transition series, viz., the iron series with 18 to 28 electrons, have 
been very completely investigated. The rare earth ions also have 
been studied in detail. But very little is known about the magnetic 
properties of the second and third transition series, of which the mos 
characteristic elements are Hu, Rh, Pd, Os, Ir and Pt. Considenng, 
therefore, only the two well analysed cases, in the first transition 
series, groups of electrons are incomplete for which l = 2 (d elec¬ 
trons—the complete group has 10), while with the rare earths, group 
for which l — 3 (/ electrons—the complete group has 14) are incom¬ 
plete. Experimentally, it is found that, in the a,bove two cases, 
although there is variation in the p values for some ions, these va ue 
for ions with the same number of electrons, group round fairly we 
defined averages. As already remarked (Cf. p. 723) these expenme' 
tal p values agree well with those calculated (using the theore i * 
relations based on the vector model) in the case of the rare ea 
ions, but not so for the ions of the £rst transition group. 

The wave mechanical theory has been able to throw some lig f 
on the above-mentioned discrepancy. Van Vleck in his quan um 
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mechanical theory of paramagnetism, distinguishes the following two 
cases :— 

(<) When the multiplet intervals are large , i.e , for 'Av > kT t 
the spin and orbital moments are firmly coupled together to give a 
resultant J and the expression for p turns out to be the same as that 
obtained in the vector model, viz. 

p = 4*97 g y/~j ( J + 1 ) which reduces to 

p = 4‘97 V 4 fc> ( S + l j for atoms in an S state. 

(it) When the multiplet intervals are small , t.e., for av ^ kT , 
1 dio spin and orbital moments are not strongly coupled, so that L and 
S are to be quantised separately with respect to the field and the ex¬ 
pression for p is then 

p = 4*97 V 4 S (S + 1) t L(L + l) 

The two cases are limiting cases, the first holding good for a v oo 
or T -»* 0, while the second for a v — > 0 or T -> oo . 


Considering the 
case of the ions of 
the first transition 
series, if the p 
values calculated 
from the three ex¬ 
pressions given 
above are represen- 
ted graphically, we 
get curves as 
shown in Fig. 245. 

Curves 1, 2, 3 
represent the p 
values calculated 
from the expres¬ 
sions 



P = 4*97 V"iS(S + lj 


Fig. £45. 


p = 4*97 g V J(J + i”) 
p = 4-97 -i/ 4 S(S + l) + L (L + f) 

-W respectively. The short thick vertical lines represent the range of 
observed values. 

It is readily seen that the observed values for the ions of the 

^rst transition group do not agree at all with those given by curve 
» [ P = 4*97 g^/~ j(j + i) ], which is, however, satisfactory for the 
rare earths, and thus argues to the existence of large multiplet inter- 
^heir case. §ommerfeld and Laporte suggested that this might 
. 6 ue to the relative smallness of the multiplet intervals in the 
i ^. e ^ ra Dsition group. But, for vanishingly small 
T« U —o ^ Q ^ erva ^ 8 » the observed values should lie on curve 3, 

~~ 4*97-y /^4 S(S + 1) -f L(L -p 1) ], which is not the case either. 

* 
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Bose has developed the idea that the paramagnetism of the ions is 
entirely due to the spin moment, the orbital moment playing no part* 
This leads to curve 1, [p — 4-97 \/ 4S (S + l) ]. Again, the agree¬ 
ment is not satisfactory, chiefly for ions in the second half of the 
group : also no reason is given as to why the orbital moment is in¬ 
effective in the first transition series, while it definitely plays a part 
in the rare earth ions. 


Stoner, observing that the experimental values.lie between the 
curves 1 and 3 as limiting cases, has suggested the following expla¬ 
nation in terms of a definite interaction between the paramagnetic 
ion and surrounding ions and molecules. The interaction will effect 
primarily the electrons in the group of the highest total quantum 
number. In the ions of the first transition series, a certain number 
of the electrons responsible for the paramagnetism are of very high 
total quantum number, unlike in the rare earth ions. Now, according 
to Van Vleck’s treatment, the spin and orbital moment should be 
considered separately, unless they are firmly coupled. The symmc- 
tay of the electric charge distribution of an ion depends on the orbi¬ 
tal moment L and the definite way in which ions arrange themselves 
in a crystal suggests that there may be a strong L-interaction. At 
the same time the S moment depending on the intrinsic spins of the 
electrons may be relatively free. In the case of a strong interaction, 
the S moment only may be affected by an applied magnetic field, the 
p value then beinggiven by p — 4*97 \/ 4S (S 4 - 1). When the inter¬ 
action is weak, however, the L moment will also be affected, and th e 
p value will then be given by p — 4*97 \/4S (S + 1) + 

This would account for the intermediate- position of ;the observed 
value between curves 1 and 3, 


(tt) Time of orientation of the atomic magnets in the field direc¬ 
tion. This problem, which could not be satisfactorily explained by 
the older theories, receives a new light from the principle of indeter¬ 
minacy of the wave mechanical theory. The determination of^the 
resolved component of the atomic magnetic moment y. in the nei 
direction is equivalent to a determination of energy, since E = 

Now the accuracy with which energy determinations can be made in 
the magnetic deviation experiments depends upon the waveleng 
associated with the atom (A — h/mv). There is thus a probable error 
in the energy determination. There is also a probable error, depen 
ing upon the length of the magnetic field and the velocity of ■ ® 
atoms, in fixing the time t , to which this determination applies* 7 
the principle of indeterminacy, the product of the ranges of m e er 
minateness of E and t, like other conjugated pairs (momentum an 
position for instance) is of the order of h , Planck’s constant. , 
latter thus becomes the limiting Harrier in the consideration o 
time involved in the orientation of the atomic magnets in the e 
direction. It is, therefore, not necessary to imagine that a su 
‘change of orientation takes place as an atom enters a r 

field; theory and experiment determine a probability distribution 
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>! ' atoms among different energy states, which varies as the atoms 
pass through the field. 

C. Ferromagnetism. The explanation of ferromagnetism has 
n- i nmineil a puzzle. Weiss, postulating an intrinsic molecular 
e , was a ) (* to account for and coordinate several experimental 
tacts connected with ferro- and para- magnetics. But the problem of 
te origin nj such a molecular field was not easy to solve. It was 
soon sed that Weiss’s molecular field could not originate in the 
yv'WMttc interaction of the carriers of magnetic moments, since 
, gnefc,c . fo . rces between the carriers could only provide fields 
fnni>ii 1 |o’ lere msignificant compared with the molecular field. This 

was confirmed by a number of effects observed with ferro- 

«dS M r C ' aS mag "? tostriction ’ Iar S e changes of volume and of 

explain the V'/ 0118 ! 1 the Curie point ’ efcc ' Attempts to 

action al-n f ., ^ eu ar as due to an associated electrostatic inter- 

tion could hefn’ /Vfu 1 ° n ? Cla9sical basi8 > no adequate explana- 
ed bv the mnl ° f ‘^f Phenomena which are formally correlat- 

its ilitial ar , J fiCld hy I ,othesis - Even the quantum theory, in 

was parlufiw ! T PP ' e lHth tU Problem! for its inadequacy 

in the case of th^r”” 14 wher * interaction was concerned, as found 
mu. case ol the helium atom (C/. p. 735 ). 

might^efc 111 19 * 8, sup 8 cste<1 tlle niolecular field phenomena 

pondint to a" b>tereh W ypC f <l uantu >* mechanical resonance, corres- 

electmns in the S g ! ‘"tcract.on, similar to the case of the two 

satisfactorily Later *>1 ba< ^ p,st I >rc viously solved 

wave mechanical mitt ?i * a, ', d bondon employed the analogous 

its stable formation with t° h 1 ydrof ’ ren molecule and showed that 

interchange interaction of t\° y<ro 8 ena t°ms was due to a similar 
nge interaction of the electrons in the two atoms. 

cular field" wllid^ii'ordi!!!?', m ? Chanica 1 interpretation of Weiss mole- 
m &gnetisrn. is too com nl' / J n ?" n as Heisenberg's theory of ferro- 
hence on y Ul t0 ° '° ng '° be g ive » in full here ; 

cated. ' es ° f development of the theory will be indi- 

action^f two b ™l^lf,^ aPP^OaC !’ e,1 by a consi deration of the inter- 

London. A system c ^ yd f° gen atom f> as developed by Heitler and 

tance apart has two d!ff Stm . g ° f hydr °g en atoms at a given dis- 

ing to an attractlrn t States ’ °“ e «nrespond- 

r epul8ion. The diff e ince d ^'stances not too small) and the other to a 

compared with the « r energy between the two states is large 

electron spins. The ° f f PUrely magnetic interaction due to the 

Ponds to the anti svmTn ® . 0 .8 re ater'energy (the repulsion) corres- 
3 P' ns ) and the staXTowI r ° rb,t f> " a ve function (ignoring their 
cal orbital wave functiin Th" 6 ^ ( , attraction ) to the symmetri¬ 
se spins of the electrons! mnil °r mpete ' vavc functions (including 
electrons (Pauli’s orincinLi Q n course . he anti-symmetrical in the 
Ponds to a solution symmetri** l • 'crefore the greater energy corrcs- 

y naetncal in the spins of the electrons and the 
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psser to an anti-symmetrical one which corresponds to the formation 
o he stable hydrogen molecule. The difference-in energy between 
e state (of lower energy) and one in which only the ordinary elec- 
rostatic interaction of the two atoms is considered is due to a per¬ 
turbation which arises from the fact that the electron in the first 
a om may also be regarded as forming part of the system of the 
second atom, and that of the second as forming part of the system 
o the first. There may be an interchange of identity between the 
c ectrons of the atoms without any actual transfer of an electron from 
one atom to the other. This interchange interaction gives rise to a 
term in the expression for the energy, which is of the form 



where k and l refer to the two electrons, ic, A to the two nuclei,^ is 
tjie unperturbed wave-function for the specified electron near the 
specified nucleus and dx is an element of configuration space of the 
specified electron. 


This new type of interaction is peculiarly characteristic of quan¬ 
tum mechanics and is of very great importance in the study of the 
formation of molecules and crystals. 


Heisenberg, assuming a similar type of interchange interaction 
for a satisfactory explanation of the intrinsic molecular field pheno¬ 
mena, has worked out the general effect of the interchange interac¬ 
tion on the magnetic properties of a crystal representing the ferro¬ 
magnetic substance and consisting of a lattice of similar atoms, each 
with one interacting electron. These electrons alone are supposed to 
contribute to the magnetisation. Each state of the system as a whole 
is characterised by a definite spin moment S.h/2n dejiending on the 
number of unpaired electrons. Although it is not possible to specify 
the energy of all the states corresponding to a given value of S, the 
mean energy of these states can be calculated. When an externa 
field H is applied there will be an additional energj r depending on the 
projection mg of S along the field direction. A complicated statisti¬ 
cal treatment is then required to determine the most probable va ue 
of mg, and hence of the magnetic moment. Without proceeding ur ' 
ther in the theoretical calculations, we shall give the result, in a form 
suitable for comparison with the Weiss equations for ferromagne - 
ism. 


The two simultaneous equations determining 
netisation in Heisenberg’s theory are 

y — tanh (a?) 


vuv 


... ( 2 ) 




A 


y 




b z \ 




6 2 



( 3 ) 


62 
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■* 

where y — n'jn t nbei ng the total number of electrons and n the 
number of unpaired electrons, c= /xH/fcT, /x being the magnetic 
moment of the elect ron, and b = zJJIcT, z being the number of neigh¬ 
bours'surrounding each atom and J 0 an interaction integral of the 
type given in (1). 

To correlate (2) and (3) with the Weiss equations, it is to be 
noted that when the magnetisation is due to electron spin, a/a 0 be¬ 
comes equal to n‘jn 9 and as there are only two orientations for the 

spin, the Langevj n expression coth (a) — 1 la has to be replaced by 
tank (a). 

When an external field is applied, the Weiss equations, with 
the above introduced change, become 

y = tanh (a) ... ( 4 ) 

2 P? _. m 

... (OJ 


a + P*) 


A:T 


= c + 


a 


o 


RTM 


y = c + 


tel 


y 


where I 0 is the saturation intensity of magnetisation, so that pi is 
the maximum molecular field, say, H w . Comparing the two sets of 
equations, viz,, (2) and (3) with (4) and (5), as a rough approxima¬ 
tion, 

b zj 


kT 


y 


* * 


(a. = H m = 


y = 


0 


2kT 


y 


... ( 6 ) 


This relation (6) indicates that the molecular field is not a field 
in the ordinary sense, but one that arises from the interchange inter¬ 
action of the electrons and is proportional to its magnitude. 0 When 

there is no external field, the Heisenberg equations (neglecting terms 
in y 3 ) become ® 


y — tanh (x) 

l 


x — 


(‘- 4 ) 


... (7). 

y ... ( 8 ) 

The graphs of these equations are somewhat similar to those corres¬ 
ponding to the Weiss equations (Cf. Fig. 30, p. 88). For spontaneous 
magnetisation tooccur the slope of (8) must be less than the slope of 

the tangent at the origin of (7). This gives p 

, ¥■ 

b 2 ... (9) 

T . he ®*P re ssion on the left is a max imum . when b = z/2 As an 

ZSE5S “* e " c,is " to "•« 

. z > 2 ~ z *l* z > 2 or z> 8 

This means that each atom in iKa laUmn , i . 

eight neighbours. This condition i. ‘^“h" The fo™™g™Se‘ 
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elements which have either face-centred or body-centred cubic 
lattices in the ferromagnetic state. 

The theory thus shows that the molecular field phenomena 
both in ferro- and para- magnetics can be attributed to mterchang 

interaction, the value of 6 in the Curie-WeiSS law {X = C / (1 - JU. 
for paramagnetics, or the Curie point for ferromagnetics bemg 

approximately proportional to the interaction factor (* J o)- *° ... 

is always the case when the quantum numbers of the interacting 

electrons are high, n being equal to at least 3, according _ 

berg’s estimation. This condition is again fulfilled by the ferro g 
netic elements. 

The part of the theory regarding the numerical magnitude of J 0 
is little developed as yet, owing to the mathematical di « ■ 

Fowler and Kapitza, in 1929, have given a satisfactory qual 

interpretation of magneto-striction and change of speci c e , 
Curie point on the basis of Heisenberg’s theory. According to «ie, 
however, the model with one interacting electron per atom,. 
by Heisenberg,is too simple to correspond to any actu , al ,. ter ;. „ nse 0 f 
tic. In iron, for example, the saturation intensity and the ch ng^ 
specific heat at the Curie point show that there must be two 
interacting electrons per atom. Hence the interaction w 
the magnetic properties may be only a small part ol e 

action. 

There is also no explanation in Heisenberg’s theory as to 
ferromagnetism is peculiar to only three of t j ie ffne tisin, 

valence electrons of metals contribute only a feeble p _ inner 

the electrons responsible for ferromagnetism sh £ u J subshells 

shells of the atoms. But electrons in completed shells , inS are 

cannot be effective for ferromagnetism, since m these Principle- 

oppositely oriented, two by two, according to Bairn s P^ic 

Hence only incomplete subshells need be considered. , are 

configurations of the elements near iron in the penodi 


Mn 

Fe 

Co 

Ni 

Cu 


U 2 

Is 2 

Is 2 

Is 2 

Is 2 


2s 2 2p G 

2s 2 2p G 

2s 2 2p G 

2 $ 2 2p G 
2s 2 2p G 


3s 2 3p 6 3d s 

3s 2 3p 6 3d 6 

36 2 3p 6 3d 7 

35 2 3p 6 3d 8 

35 2 3p 6 3a 10 


4s 2 

45 2 

4s 2 
4 s 2 
4 s 1 


(25) 

(26) 

(27) 

(28) 
(29) 


Ten electrons are required to complete the 3d ^^^agnetic. 
number is present in Cu and so this metal is ^ theS e 

The rest of the elements have vacancies in th jn the su bshell 

only Fe, Co, Ni are ferromagnetic, so ^ ^"ferromagnetism. I* 
arc a necessary but not a sufficient con 1 i electrons is even 

is to be noted also that whether the number of 3d electr 

or odd is not a determining factor. . 
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interaction increases 
as the ratio of <the 
in ter-a tonic distance 
to the diameter of 
the incompleted 
electron shell 
creases. Bethe 
1933, has shown that ^ 
this ratio must exceed 
a critical value of 
about 1*5 for ferro¬ 
magnetism to occur. Fig. 246 shows Bethe’s calculated vali 
of the exchange interaction energy as a function of this ratio. It 
seen that the ferromagnetic materials Fe, Co, Ni, all have the pc 
tive exchange energy required to produce ferromagnetism, when 
Mn has a negative exchange energy. The rare earth elements, gat 
linium and dysprosium, in which the electron vacancies occur in t 
4/ subshell, also have positive exchange energies, and below th 
Curie points of 289°K and 88°K are weakly ferromagnetic. Fer 
magnetism exhibited by Heussler alloys, which contain Mn aln 
with Cu, A1 and other metal can be accounted for on the sal 
principle, viz „ alloying introduces changes in crystal structure 
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CHAPTER XI 


Molecular Spectra 

Introduction. A study of molecular spectra finds its proper 
place at this stage. For, in the first place, the postulates and princi- 
pies involved in the elucidation of atomic spectra can be used a so, 
muiatis mutandis , in the interpretation of the different characteristics 
of molecular spectra. Secondly, analysis of this type of spectra lea s 
to the realisation of certain important structural properties of tie 
nucleus, such as the isotopic constitution, spin, etc., with which we 
have to deal in the following chapters. 

For a clear understanding of molecular spectra, a knowledge of 
the structure and properties of molecules is very helpful, alt^ oug 
many points concerning molecular structure have been ac ua y 
gathered from a scrutiny of molecular spectra. The first section o 
this chapter is therefore devoted to a brief statement of mo ecu a 
structure. In the next section, we take up the study of mo ec ^l 
spectra. Then, two important allied phenomena, viz., isotopic e . 
in molecular spectra and Raman effect are considered. Fma y» 1 
supple mental section, some details are given concerning so 1 8 

spectroscopy. 

1. MOLECULAR STRUCTURE 

A molecule may be defined as the smallest particle of a 
stance (element or compound) which is capable of exis mg P 
nently in a free state. In 1808, Gay-Lussac discovered ® _ 
gaseous volumes , which states that when gases combine °8 _ * 

volume of the product, if gaseous, bears a simple ra _^ eX _ 

volumes of the reacting gases. In 1811, Avogadro, in or pll t 

plain this law which was untenable on a purely at0 ^ number 
forward the idea of the molecule as an aggregate o a 
of atoms, capable of existing in a free state. 

General classification of molecules, ^^^atomic (one 
number of the constituent atoms, molecules are • , more 

atom), diatomic (two atoms), triatomic or polyatomic i motion, 

atoms). Monatomic molecules can have only tr ^ n rota tional and 
while diatomic and polyatomic molecules can have about 

vibrational motions, since the constituent atoms ca we ll as vibrate 
axis passing through the common centre of gravity, 
along the line joining their nuclei. ^ £ ^eir 

Molecules have been classified from of iner- 

rotational motions. Rotational motion gives_n three princip^ 

tia. Let A, B and C be the moments of inertia ab of inert* 

axes of the molecules and let A < B < C. If the mom 
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about the internuclear axis is zero and the other two about axes per- 
pendicular to the internuclear axis are equal, we have the duttomtc or 

a linear polyatomic molecule, e.g., H 2 , D 2 , N 2 , 0 2 , HC1, HBr, 2 , 2 > 

HCN etc. If A = B = C, we have spherical molecules , which have 

no preferred axis, e.g ., CH 4 (methane), SiH 4 (silane), where the four 
hydrogen atoms are at the corners of a regular tetrahedron. It two 
of the moments of inertia are equal, the molecule is called symmetric 
rotator or lop. The motion of this type can be represented as a pure 
rotation about the axis of either the greatest or least inertia, with 
the axis making a precession round that ot total angular momc ntum» 
If the two smaller moments of inertia are equal, i.e., A — B, we ave 
the oblate symmetric top (a disc in the extreme case) ; if the two larger 
are equal, i.e., B = C, we have the prolate symmetric top 
shape). A large and important group of molecules, such as NH ? , 
methyl halides, ethane, etc., are symmetric rotators. Finally it 
A^B^rC, we have asymmetric rotator or top which can be described 
as executing pure rotation about the axis of either the greatest or 
least inertia, while this axis makes a precession and a nutation round 
the axis of total angular momentum. It is a spinning top whose 
angle to the'vertical is oscillating. The majority of molecules foun 
in nature belong to this class. Simple triatomic molecules, such as 
H 2 0 and S0 2 are asymmetric tops . The details of such a classifica¬ 
tion of molecules have been studied with the help of the observed 
molecular spectra and appropriate theoretical considerations. The 
available experimental data in this study have greatly increased in 
volume and importance with the advent of the microwave, technique 
of analysis of pure rotational spectra of molecules. 

Molecules have been classified into different categories with 
respect to the vibrational motions of the constituent atoms. Thus we 
have (i) the triatomic linear molecules with two sub groups viz. those 
with central symmetry, like C0 2 and CS, and those without central 
symmetry, like N 2 0, COS, HCN, C1CN, etc., (ttj the triatomic triangu - 
lar molecules (YX„) a special and interesting case of which is the type 
' of molecule having an axis of symmetry that bisects the angle XYX, 
e.g., H 2 0, H 2 S, 0 3 , N0 2 , SO,, etc., (iii) the four-atom linear molecules, 
(Y 2 X 2 ) a well-known example of which is acetylene (HCCH) that has 
also a centre of symmetry, (iv) the four-atom pyramidal molecules , 
(YX 3 ) such as ammonia (NH 3 ) in which the N atom is at the apex of 
the pyramid and the H atoms at the corners of an equilateral triangle 
form the base, (u) the five-atom molecules (ZYX 3 ) e.g., methyl halides 
(CH 3 F, CH 3 C1, CH 3 Br, CH 3 I), and methane (CH 4 ) as a special case, 
where the H atoms are at the corners of a tetrahedron and the C 
atom at its centre, with a consequent high degree of ‘spherical* 
symmetry, and so on. More complex molecules with a greater num¬ 
ber of atoms may be regarded as made up of simpler molecules 
coupled. together. 

This method of differentiation of molecules is based on the 
analysis of the vibrational frequencies of molecular spectra. The 
general principle iisfed may be stated as follows : If a molecule has 
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n atoms and three degrees of freedom are assigned to each atom, the 
total number for the whole system is 3 n. Of these, three are account* 
e d for by the translational motion of th 3 molecule as a whole and 
three more arc referred to its free rotation.' The remaining 3 ti — 6 
degrees of freedom must therefore represent modes of vibration of 
the system. In the case of linear molecules, since only two degrees 
ol freedom are involved in rotation, (3 n —5) will be the degrees of 
freedom for their vibrations. According to this postulate, linear tri- 
atomic molecules in = 3) should have four fundamental frequencies, 
triangular triatomic molecules three fundamental frequencies, four- 
atom linear molecules (n — 4) seven, pyramidal molecules six, five- 
atom molecules (rt = 5) nine and so on. These internal modes of 
vibrations are substantiated with data obtained from the observed 

molecular spectra, due attention being paid to degenerate cases aris¬ 
ing from symmetry conditions. 


Electronic structure in molecules. When atoms combine 
to torm molecules, they bring with them their peripheral electrons 
an t ie governing factor in the stable formation of molecules is the 

valencies of the constituent atoms, determined by the number and 

nature of the electrons in their outermost incomplete shells. Hence 
a mo ecule also lias a configuration of electrons which form one 

coherent system, as in the case of an atom, with closed shells, each 

containing a definite number, as permitted by Pauli’s principle ; the 
electrons outside the closed shells act as the ‘optical’ and ‘valency’ 
e ectrons, responsible for the observed molecular spectra and the for¬ 
mation of more complex molecules, elements and compounds. Hut it 
appeals that commonly the constituent atoms retain the electrons in 
t leir K-shells and that the electronic structure external to these is 
est regal ded as a large number of shells, each containing two elec¬ 
trons only and each having a distinct ionisation potential or term 
value. 

Linkages between atoms in molecules. A very important 
consideration in molecular structure is to see how the individual sepa¬ 
rate atoms are bound together into a molecule. This is ordinarily 
known as chemical binding . Quite early in the study of the proper¬ 
ties of chemical compounds, it was found necessary to distinguish two 
types of molecules. The first type, well represented by common salt 
(NaCl), forms electrically conducting aqueous solutions, in which the 
molecule splits up into ions, (e.g. Na+ and Cl*). Even in the solid 
state, the charges are distributed unequally between thk constituents, 
as seen from X-ray analysis of crystals like NaCL Substances of this 
type usually have relatively high boiling points and typically salt- 
like properties. The second type, which is represented by HC1, BcO, 
CO, CN and organic compounds like methane (CH 4 ) and benzene 
(C 6 H 6 ), is characterised by low electrical conductivity, relative vola¬ 
tility and complete lack of salt-like properties. Abegg, the chemist 
called the first type heteropolar and the second homopolar . It is 
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be noted that this classification fails to cover ‘elementary' molecules 
as Ho, N 8> C 2 , 0 2 , Ci t , I 2 etc., which are non-jpolar . Nowadays, follow¬ 
ing Franck, according to whom the decisive criterion is whether a 
molecule in dissociating tends more readily to split up into ions or 
into atoms, the first type is called ionic molecule and the second 
atomic molecule. The above-mentioned elementary molecules can now 
be put under the category of atomic molecules. Cansideration of the 
interchange of electrons by the constituent atoms in the formation of 
the molecule has enabled us further to designate the ionic type as 
electrovalent and the atomic type as covalent (Cf. p.p. 645-6). 

There are compounds which have intermediate types of bind¬ 
ing ; others cannot be assigned to either o the above two classes. Of 
these, the following two are now sufficiently well recognised : (i) cohe¬ 
sion binding , i.e., loose binding without saturation of valency, due to 
the Van der Waals forces and (i?*) metallic binding which is effective 
in the lattice formation of metals. We shall first consider, somewhat 
in detail, the two prominent types, viz. the ionic and atomic mole¬ 
cules and then state briefly the chief characteristics of the other two, 
as they are also of interest and importance from the physical stand¬ 
point. 

Electrovalent ionic molecules. The existence of free ions in 
the solid, liquid or solution state of ionic compounds, such as the 
alkali metal halides, shows that the linkage involved is electrostatic in 
nature. Kossel was the first to suggest that the formation of ionic 
molecules is due to the tendency for atoms to build up complete elec¬ 
tron shells or sub-shells and in particular to assume the stable elec¬ 
tron configuration of an idert gas. For example, when Na combines 
with Cl to form NaCl, the Na atom, being electropositive and mono¬ 
valent, gives it valency electron to the Cl atom which is electronega¬ 
tive and monovalent. After the transfer, the Na atom has 2K, 8L 
electrons and is like a Ne atom ; the Cl atom has 2K, 8L, 8M elec¬ 
trons and is like an A atom. In the NaCl molecule thus formed the 
nucleus of Na carries a charge + lie, so that the net charge of Na 
is now [ + lie — lOe] = 4* e ; the nucleus of Cl carries a charge 
4- 17e and hence the net charge of Cl is [ + 17e — 18e] = — e ; thus 
the Na and Cl atoms in the NaCl molecule are ionised as Na + and Cl' 
and, in consequence, attract each other in accordance with Cou¬ 
lomb’s law. 

By itself, this would lead to the absolute coalition of the two 
ions ; however, at small distances, repulsive forces come into play, 
which can be understood as follows : if. the distance between a 
positive ion and a negative ion is progressively diminished, the posi¬ 
tive ion will penetrate into the electron atmosphere of the negative 
ion. Under these circumstances, that part of the electron atmos¬ 
phere which lies at a greater distance than the positive ion from the 
nucleus of the negative ion will, to a first approximation, oxert no 
force on a charged particle inside it. Hence the force of attraction 
on the positive ion will be diminished by its penetration into the 
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electron atmosphere of the negative ion. As the distance between 
the ions is further reduced, a position of equilibrium will finally be 
reached, in which the repulsion between the similarly charged nuclei 
is just balanced by the attraction between the positive ion and the 
inner region of the electron atmosphere of the negative ion. To re¬ 
present the repulsive forces, a law of the form b/r n has been tried, 
with good success. The position of equilibrium is given by the value 
of r for which the sum of the energy of attraction (--e*/r) and the 
energy of repulsion (-{- 6/r n ), has a minimum value. Quantum 
mechanical treatment gives approximately an exponential law 6e“ r/ p 
for the repulsive forces which leads to better results. 


This explanation of the binding in ionic molecules can be con¬ 
veniently tested in the case of highly symmetrical crystals, such as 
rock salt, where the deformation of the electron atmosphere of the 
two ions is reduced to a minimum on account of the symmetry. The 
lattice energy U, i.e., the energy required to break up the crystal 
lattice completely, is given by U = Z (± e 2 \r + b/r n ), the summa¬ 
tion being taken over all the lattice points; r refers to the lattice 
constant, obtained readily from X-ray analysis ; the constants b and 
n can be determined using two relations, one referring to the equi¬ 
librium condition, viz . dJJjdr — 0, (ix., the lattice energy is mini¬ 
mum) and the other relating to the compressibility of the crystal viz. 
d 2 XJjdr 2 , which is the force required to compress the crystal by a 
certain amount and hence can be measured experimentally. The value 
of U can, therefore, be calculated using the theoretical formula. Now, 
the lattice energy can be experimentally determined by means of 
thermal dissociation, as was done bv J. Mayer. The experimental 
value agrees fairly well with the theoretical value in the case of sev¬ 
eral salts. The theory can also be tested indirectly by calculating 
the electronic affinity. E, (t.e., the energy set free when the electron 
settles in its place, in the formation of the molecule) of a halogen 
derived from different, salts, say of Cl from the compounds NaCl, 
KCi, RbCl, etc., with the help of a cyclic process suggested by Born 
and Haber. The value of E of the same halogen deduced from diff¬ 
erent salts is found to be nearly the same. 


It may be noted that, in practice, it is not easy to decide 
whether a molecule is of the ionic or atomic type. Such molecules as 
BeO, HC1, etc., might from the numbers of electrons satisfying the 
valency bonds, be thought to be ionic. Spectroscopic evidence, 
however, classifies them as atomic. For, spectroscopically, ionic 
molecules are always capable of dissociation by absorption of light 
into two unexcited atoms, while atomic molecules usually dissociate 
under similar conditions into one exited atom and one neutral atom . 
It is upon this spectroscopic evidence that the hydrogen halides are 
classified as homopolar and differentiated from the alkali metal hali¬ 
des which are heteropolar. 


Covalent atomic molecules. Lewis, in 1923, pointed out, on 
an empirical basis, that the formation of stable covalent molecules is 
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frequently associated with the existence of an electron pair , which is 
such that each of the pair is shared by, or belongs to both of, the 
two constituent atoms. In the N 2 molecule, for instance, the linkage 
appears to be due to the completion of an L shell by the electrons 
from both constituent atoms ; for, the similarity of the spectrum of 
N 2 molecule to that of an alkaline earth indicates that two of the 
fourteen electrons are relatively loosely bound and obviously belong 
to the M shell. The electrons of the nitrogen molecule can therefore 
be arranged as 2K, 2K, 8L, 2M. In many cases, however, complete 
shells appear to be formed around the constituent atoms by the shar¬ 
ing of electron pairs, e.g ., Cl 2 . This is especially true of shells of eight 
electrons. Such a pairing is readily understood with the help of 
Pauli’s principle, since a pair ol electrons with opposite spins repre¬ 
sents complete occupation of any level. On account of their 
opposite spins, the two electrons neutralise each other. Those 
electrons, which possess no partner in the above sense, may obvious¬ 
ly become neutralised by pairing off with a new electron. It is these 
unpaired electrons which are responsible for chemical combination. 
Covalent binding usually occurs when the constituent atoms can exist 
in a stato of high valency. An important example is a structure with 
a valence of four, as in carbon, silicon, etc*., which occur in a crystal¬ 
line form where each atom is surrounded by four nearest neighbours 
located at the corners of a regular tetrahedron. In this structure 
each of the four valence electrons of an atom enters into an electron- 
pair or covalent bond with electrons from nearest neighbouring atoms 
and all valences are saturated. As a result, such substances have 
high electrical resistance and are very hard and strong. 

Assuming therefore that the covalent linkage arises from the 
sharing of an electron pair by the constituent atoms, we have next to 
inquire into the inner mechanism of such a sharing in order to under¬ 
stand the nature of the linkage involved. It cannot be electrostatic 
in nature, as in the case of ionic molecules, since, according to the 
classical theory, the pair of electrons should always repel each other 
and hence cannot form a link between the two atoms. Nor can the 
linkage be affected by the magnetic forces due to the spin of the elec¬ 
trons, which calculation show’s to be too weak. 

It may be recalled here that we met with a similar difficulty in 
connection with the large energy difference between the term-system 
of the helium atom and that Heisenberg solved it by invoking an ex¬ 
change energy of wave-mechanical resonance that gives rise to a strong 
interaction between the two electrons (C/. p. 736). Heitler and 
London, in *1927, employing the same wave-mechanical resonance 

principle, were able to account satisfactorily for the covalent linkage 
in the H 2 molecule. 

I 

Wave “mechanical theory of covalent linkage. Heitler and 
■London considered the H, molecule, which is built up of two equal 
nuclei and two electrons, as the simplest case of covalent linkage that 
can be analysed with relative-ease. The structure of H 4 molecule is 
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assumed to involve the two nuclei, still separate, but surrounded by a 
common electron atmosphere corresponding to the two electrons. The 
application of wave mechanical resonance to such a system is easily 
understood by the following analogy : If two electrical oscillating 
circuits, having the same frequency v 0 , *are brought close to each 
other, the coupling throws them to some extent out of tune, v 0 being 
split up into two different frequencies, one a little greater than v 0 and 
the other a little lower, and beats are produced. The conditions in 
the hydrogen molecule are similar ; the electrons revolving round the 
nuclei of the two separate hydrogen atoms correspond to the two iden¬ 
tical oscillating circuits. When the two atoms approach close to each 
other and are coupled, the coupling puts them out of the tune a little, 
giving rise to two frequencies, one slightly higher than v 0 and the 
other slightly lower. Since, to every frequency v 0 corresponds an 
energy Av 0 , the total undisturbed energy 2E (I of the two separate 
hydrogen atoms gives rise on combination to a somewhat lower and a 
somewhat higher energy of the coupled system, 

E, = 2E 0 - W,(d), E, = 2E 0 + W t (rf) - (1) 

where W t (d) and W 2 (d) represent the coupling energies which depend 
on the distance d between the two atoms. 

On the principle that less energy means greater stability, the 
state represented by E x possesses less energj 7 than the state of the two 

separate atoms and therefore 
corresponds to a possible 
binding ; E 2 is greater than 
2E 0 and hence denotes re¬ 
pulsion between the two 

atoms. These conclusions 
may be graphically represen¬ 
ted by plotting the variation 
of the potential energy of the 
system as a function of th e 
distance between the nuclei, 
when curves of the type 
shown in Fig. 247 are o 
tained. The upper curve 
corresponds to the case o 
permanent repulsion be - 
ween the two atoms, 111 
which the potential energy 
increases monotonical \ ^ 

the distance between the 
nuclei is diminished. 

minimum in this curve occurs only when the internuclear ring 

infinity. This means also that work must always be done ^ 

the nuclei together. The lower curve, on the other hand, rep 
the case of possible binding of the two atoms. For, here, the po ^ ^ 
energy decreases to a minimum when the nuclei are at a dis o 



Fig. 247. Potential energy of two 
hydrogen atoms as a function of 
the distance between their nuclei. 
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h-the represente a 8tate of stable equilibrium (acfcual _ 

D is that’set fr«A 6 °f ?* molecule). The energy represented by 
finitv to d ' Ha as internu clear distance is diminished from in- 

the entr^'to be snnS- 8 ^ U8t a ° he ener ^ of dissociation, t.e., 
a.,!a ® rtobe su PP I,ed ln order to dissociate tire hydrogen mole 
cule into two separate hvdr.-^en atom* +l - y g mol , e 

the nntAntioi Jv. ^jurogen atoms, trom the minimum at d n . 

Coulomb rennlnin 0868 .7 ery sfc eeply as d becomes smaller, the 

in termini P f 8 J on between the two nuclei preponderating here For 

at.«.ti£S r . , £S:" ,he • mol ' cu,e is “ m ‘ >lete,y ‘P' 1 ' 

(1) fc’nmw S? °T ‘ h »t forreeponds to a binding in relation 
from one Item to fhe caus L ed by the interaction, oscillates 

22 nlace thfe Pre T tS the P robabil ity of finding a plrticle at a 

trons Hence W Ca ^iL mt fi 1 ^ r !^ d aS f D “ exchan g e ” of the two elec 
uiis. Hence W 1 (d) is called the exchange energy. 


The specific nature of the state 
wo hydrogen atoms into a stable 
mined as follows :_ 




leads to the binding of the 
en molecule may be deter- 


... If the wave functions of the two electrons 1 nml o „„„„ • . 
With the two hydrogen m.AiA.- electrons 1 and 2, associatec 

0» (2), the two possible states if th res P ectl , vel y> are 4>o (1) anc 

ted by the products f ° hydro S en “olecule are represen- 

0o (1) t \>b (2) = C and (2j Kb h ~ r> 
since the two electrons are indistinguishable. (2 ‘ 

for small distances^be^ween SnucSf* ^nh^i, hydrogei ?' moiecule . 
mately one of the following linear combTnat^nj“J? 4 ° ^ aPPr ° Xi ' 

■As = (C + D)IV~2 ) 

<!>a = (C - D)/y ~2 ) , ...(3) 

bital fifnctions'res^ewWve’ly a^d iT at+ 1°° and ant i-symmetric or- 

-SEf3SiL. , 3r=fSSS 

th. ( eleotro„ between 

ts* = (C2 + D® + 2CD) / 2 ) 

■Aa 2 = (C 2 -f D 2 — 2CD) / 2 j 
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for the symmetric function than for the anti-symmetric one as shown 
in Fig. 248, in which the contour lines of the electron density are 

plotted round the nuclei. 
i/'a 2 is represented by 
(a) where the two atoms 
repel each other at all 
distances apart, so that 
a collision between them 
will be elastic, $$* is 
represented by (6) where 
the atoms attract each 
other at all distances 
apart up to a certain 
definite minimum, below 
which mutual repulsion 
sets in. Thus the symmet¬ 
ric orbital wave function corresponds to binding properties and the anti¬ 
symmetric orbital wave function to the anti-binding properties of the 
electrons . 



(a) 


Fig. 248. Contour lines of electron density 
of :—{«) two mutually repelling hydrogen 

atoms ; 

(b) two hydrogen atoms forming a 
stable hydrogen molecule. 


Taking into account the spins of the two electrons, let Ss and 
S A be the spin functions when the electron spins are parallel and anti- 
parallel respectively. S s is symmetrical, since its sign is unchanged 
when the electrons are interchanged and S A is anti-symmetrical, 
since its sign is changed by the interchange of the electrons. 

The complete wave function is the product of the orbital and spin 
functions. In the present case, there are four possible complete wave 

functigns, viz. 

'/'s S s i/'s Sa i/'a Ss i/'a Sa 

since a hydrogen molecule can be formed only when the orbital func- 
tion ( i/'s) * s symmetrical, the third case ( i/'a Ss) is exclude . 
Pauli’s principle, which in its wave mechanical aspect implies t a 
the complete wave function of a system (atomic or molecular) canno 

be symmetrical in respect of similar particles (electrons or nucei), 

excludes the first and the fourth, t.e., i/'s Ss and i/'a Sa- Hence ® 
second case ( *// s S A ), the only one left over, should be the complete 

wave function representing the H 2 molecule. 

This means that two hydrogen atoms can combine to form a 
stable molecule only when the spin function is anti-symmetnca ( a), 
i.e., when the two electrons have their spins anti-parallel, so tna 
electron spin of the stable hydrogen molecule is zero. Thus, the s a 

that leads to binding is characterised by the balancing oi e . , 

tronic spins and the covalent linkage is interpreted as due to a pair 
electrons with opposite spins . 

It appears also that in general the spin may be regarded^ ** 
physical substitute for the chemical valency. The number o . m 

compensated is equal to the number of the free valencies o , 

In other words, the true (homopolar ) valency of an atom is egua 
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number of unpaired electrons in it, i.e ., electrons with spins not saturate 
ed. Since the number of such electrons is 2S, where S is the total 
spin of the atom and the multiplicity r of the energy levels in the 
atom is given by r = 2S + 1, it follows that the valency of an atom 
must he one less than the multiplicity of its energy levels . This conclu¬ 
sion offers a means of testing the validity of the theory. 

It is found that there is good general agreement with observa¬ 
tion concerning this point. For example, the alkalis, which have a 
double state, are monovalent ; the alkaline earths, which possess a 
triplet system, are divalent. Hut the rule does not seem to apply 
for the grond states of the atoms. Since the ground state in all atoms 
is a singlet, the atoms should have zero valency, according to the 
rule. This difficulty is overcome by the fact that the atoms usually 
react in excited states , to which chiefly , the rule must be applied . Since 
in the excited states the electrons are raised to levels in which the 
full possibilities of occupation are not realised, increase of excitation is 
in general accompanied by an increase of valency . Thus, for example, 
the tetravalence of carbon corresponds to an excited state. The car¬ 
bon atom possesses, close above the ground state, an excitation level 
in which it is tetravalent and the ordinary chemical bonds of carbon 
are due therefore to that first excited state. 

Formation of covalent linkages by valency saturation will mani¬ 
fest itself also in the spectrum of the molecule. This is actually 
found to be the case. For instance, when N combines with O to 
form NO, only two electron pairs are formed, one electron remaining 
unpaired. As is to be expected from the theory, the ground state of 
NO is found to be a doublet state. The OO molecule, on the other 
hand, contains no such unpaired electrons and its ground state is 
accordingly a singlet state. It may be noted, however, that the 
theory fails to account for the strong paramagnetism of 0 9 molecule 
which has all its electrons paired apparently. ' 

In conclusion, we may say that, although we are still far from 
having a complete and quantitative theory of covalent molecules, 
the wave mechanical resonance idea has indicated a general line of 
approach in the right direction, while its special success lies in the 
fact that it makes it possible to deal quantitatively with nuclear 
distances, heats of dissociation and vibrational frequencies of simple 
molecules like hydrogen. * 

The Van der Waals type of binding. There exists a class 
of molecules of which the atoms are loosely bound, characterised by 
a small dissociation energy : e.g., Hg 2 , Cd 2 , Zn a and mixed molecules 
which these elements are capable of forming with alkali metals ' 
The binding in such molecules is satisfactorily accounted for by the 

Van der Waals cohesion forces without any valency saturation—hence 
called cohesion binding. 

The Van der Waals attractive forces depend on the mutual de- 
formation of the atoms and that in two different ways. First the 
action of the field due to the electric moment of the molecules, ’per- 
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mane jit or induced, leads on the average to an attraction. This 
result was established by Debye and Keesom (1921) on the basis of 
the classical theory. From this, however, it would follow that spheri¬ 
cally symmetrical atoms (as of the inert gases, He, Ne, etc.) or mole¬ 
cules should show no cohesion, which is contrary to the experimental 

fact that all gases can be condensed, even liquefied at sufficiently low 
temperatures. 

London, in 1930, was able to solve this difficulty by showing 
that the mutual deformation of the atoms has a second effect which 
is characteristic of quantum mechanics. According to this theory 
there exists a finite “zero-point energy” which implies that even in 
the lowest energy state, an atom or molecule has to be piit in corres¬ 
pondence with a system of moving charges (electrons), so that it 
carries a dipole oscillating with electronic frequency. If then two 
such systems come near each other, the zero-point motions of the 
dipoles always act in such a way that on the average the result is 
attraction. Calculation gives an interaction energy which is inver- 
sely proportional to the sixth power of the nuclear distance (1/d®). Ifa 
many atoms or molecules without free valencies (spins), even before 
condensation, a sort of pairing occurs as a result of the balancing of 
Heitler-London repulsion and Van der Waals polarisation attracting 
forces, since the latter will sometimes fall off more slowly with in¬ 
crease of internuclear distance than the former. Using this theory of 
cohesion it is possible to calculate the heats of sublimation of mole¬ 
cular lattices from atomic properties, as London has done. 

Metallic binding. The existence of metals cannot be explain¬ 
ed by the types of binding mentioned above ; a few cases, carefully 
studied, such as lithium and sodium, indicate that the positive ato¬ 
mic residues are held together by the free electron,, in the metal. 
Difficulties arise however in the case of diamond-type lattices, in' 
which the binding apparently depends on valency saturation. 
Attempts have been made to account for them in the light of quan¬ 
tum mechanics. 

Electric moments of molecules. A very important feature 
of molecules is their electric moment which is caused by an unequal 
distribution of charge in them. The condition for a molecule to have 
electric moment is that the centre of gravity of the negative (elec¬ 
tronic) charges should not coincide with that of the positive (nuclear) 
charges. Hence a molecule, in which the positive and negative 
centres of charge are separated, behaves like an electric dipole and 
hence is said to possess a permanent electric dipole moment , denoted 

by the vector p 0 = Ee r, where r gives the position vectors of the 
nuclei and the electrons, the bar signifies averaging over, the electron 
motion and the summation is taken over all the nuclei and electrons. 
Taking as a simple example the HC1 molecule, the valency electrons 
spend, on an average, more time near the chlorine nucleus with its 
larger positive charge than near the hydrogen nucleus. The molecule 
thus behaves as if the chlorine end were negative and the hydrogen 
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end positive, ».e., as an electric dipole and is therefore considered to 
have a permanent electric dipole moment. Molecules have been 
classmed as polar or non-polar according to the presence or absence 
oi electric moment in them. The great majority of molecules pro¬ 
bably have an electric moment, are polar. On the other hand 
ahnost all ‘elementary’ molecules C 2 , N„ 0 2 , Cl 2 , I 2 , etc., are non- 

■ 

A molecule, in which the centres of positive and negative 

charges coincide on account of symmetrical distribution of charges 
has no electric dipole moment. The'electric behaviour of such a 
molecule is determined to a first approximation by a quadripole 
moment which is analogous to the mechanical moment of inertia £nd 
hence called also the electrical moment of inertia. 

.... ^ a molecule is subjected to an electric field, it is deformed the 
positive nuclei being attracted in the direction of the lines of force 
?,® ne .f t,ve electrons in the opposite direction. Consequently even - 

magnitude lS ™P erman . ent moment, a dipole is induced. The 

fieM streLth Q l moment is directly proportional to- the 

rength. Such an induced dipole moment is usuallv re 

fTS has th ® relati0n P T « E - w ^ ere o is called the polarised,Hi- 
y, and has the dimensions of vdlume. For spherically symmetrical 

molecules, o is a constant, independent of direction general 
s<hd e thc j77 dePe I] dS r 0n , the direction and is represented by an ellip- 

-h i° g , aSeS ,’ the elli P soids of polarisation corresponding to 
!o tha? k al molecules can assum e all possible orientations^space 
eas ariJ he Y ar l eX ' ernal Ueld - S app !i ed > a mean polarisation of the 
JoLrSj W b ” = flE ' Where « *• called the mean 

‘r si 

dueoiionl a %M^r7lder&tior. e “ different in the three 

polarisation .SSfaStoSJS.'Sf 

anisotropy. I n the scattering proc e Z the tf’ kn ° t Wn ^optical 
eleotric vector of the incident dlrect J on as those of the 

tion, conelustons can be drawna^ ToT™? the degree of de P<>larisa. 

lity of the molecules. * the an,s otropy of the polarisabi- 

has indicated severtd*m^™ds Yucc as T v ,e k *> etlC theor y of 8 as cs 

diffusion, Van der Waals equation'etc.! 
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molecules. These methods, which assume the molecules to be spheri¬ 
cal and determine the distances up to which molecules can approach 
one another in ordinary thermal collisions, are bound to give only 
approximate results. In recent years, other more refined methods of 
great precision have been employed to obtain quantitative informa¬ 
tion about the distances between the centres of atoms in molecules or 
ions in crystal lattices, the modes of arrangement of these atoms or 
ions and the angles between the valency bonds linking atoms. The 
combination of the results obtained by the different methods has 
yielded detailed information about the size and shape of molecules. 
We shall briefly state the most important of these methods and the 
results obtained with them. 


(») Diffraction of X-rays and of electrons by solids, liquids and 
gases . The X*ray analysis of crystal structure, giving the distances 
between the atoms and their modes of arrangement in the molecule, 
has already been described ( Cf . pp. 309—323). The X-ray method 
has also been used to investigate liquids, gases and vapours. The 
electon diffraction method has been applied in these cases with 
greater effectiveness and better results. The interatomic distances have 
been measured with accuracy ; they are found to vary from about 
I*o to 3 A°. Thus, for instance, in the case of CC1 4 , the distance bet¬ 
ween the Cl atoms is 2*99 ± 0*03 A° and that between the C and Cl 
atoms 1*82 A°. The interatomic distance is important in deciding 
the bond character. The length of any particular chemical linkage is 
very nearly independent of the rest of the molecule in which it occurs. 
Indeed, it is possible to ascribe to each atom a definite effective radius 
in each type of combination, the so-called normal covalency radius . 
Thus, in organic molecules we have the following values : — 


single bonds : H — 0*3 A° C — 0*77 A° N — 0.7 A° 

double bonds : C — 0*65 A° N = 0*63 A° 

triple bonds : C s 0‘58 A° N = 0*55 A° 

From the experimental data conclusions can be drawn also as to the 
shape of the molecules. Thus, for instance, the molecules HgOi,, 
HgBr 2 , C 2 N 2 , CS 2 are shown to be linear, BC1 3 planar and triangul ar > 
SiCl 4 , Ni(C0 4 ), P 4 tetrahedral, PF 3 pyramidal, SF 6 octahedral an “ ®o 
on ; F 2 0, C1 2 0 and S0 2 are bent at angles of 100°, 115° and 1* 
respectively. 


(ti) Optical methods : molecular spectra including Raman spec t • 
The infra-red absorption spectra give information on the momen 8 
inertia and hence the interatomic distances in the case of P 30 ,? 011 
having electric moments. More accurate results are obtained 1>yt e 
called rotation-vibration and electronic band spectra , 
applicable to molecules without permanent electric 
spectra of scattered light (Raman spectra) provide 
plementary information, such as bond strengths 
deduced from the restaring forces involved in 
frequencies of atoms in the molecule. 


the latter being 
moments. The 
important com- 
which can 
the vi 
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(Hi) Electric dipole moments . Another important method of in¬ 
vestigation is the determination of the electric dipole moments. A 
large class of molecules with unlike constituent atoms, e.(f., HCl, CO, 
NO, possess large electric moments. The electric moments give useful 
information about the shape of molecules. The experimortally 
measured moment is a vector quantity and it may be calculated by 
adding the moments of the various atomic or ionic bonds by vector 
addition. In this procedure, suitable bond angles must be assumed 
to give the correct resultant, agreeing with the experimental value, 
and from these angles some idea of the shape of the molecule can be 
obtained. Careful scrutiny of observed data, shows that a definite 
dipole moment may be ascribed to each linkage between atoms even 
in complicated molecules. In the case of triatomic molecules of the 
type YX 2 it is possible to deduce whether the shape is (a) linear and 
symmetrical, (b) linear and unsymmetrical or (c bent. Thus, the 
absence of an electric moment for C0 2 , CS 2 , HgCl 2 indicates that 
these molecules have a linear symmetrical form. In order to discri¬ 
minate between cases (b) and (c) other methods must be used such as 
analysis of the vibrational state of band spectra and the number and 
state of polarisation of the Raman lines. The molecules H 2 0, HjS 
and SO 2 have thus been shown to have a bent shape, while NO* has 
a linear unsymmetrical structure. 

Molecules with or without a permanent dipole moment acquire 
an induced dipole under the influence of an electric held. In this case, 
the electron atmosphere of an atom is displaced relative to the posi¬ 
tive nucleus and the result is equivalent to the formation of a doub¬ 
let. This induced moment is stronger the more polarisable the atom 
or ion and the effect which can be measured from the refractive 
index (Kerr effect) also enable ionic radii to be estimated. 

Dissociation of molecules: heat of dissociation. One of the 

very important quantities characterising a molecule is the amount of 
work to be done in order to separate the constituent atoms. This is 
usually called the heat of dissociation and is expressed in calories. As 
was pointed out in the discussion on the formation of the H 2 mole¬ 
cule, the heat of dissociation is given by the height of the asymptote 
of the potential energy curve above the minimum (p/. p. 753). Tn 
the potential hollow of the curve, the nuclei vibrate as quantum osciU 
lators. The shape of the curve close to the equilibrium position r 0 
being approximately parabolic in form, for not too great amplitudes 
the nuclei vibrate like linear harmonic oscillators. We can therefore 
apply the wave mechanical formula E n = Av 0 {n + 1 / 2 ) which leads 
to the energy levels of the nuclear motion. The natural frequency 
v o IS determined by the restoring force in the relation 

1 a/TTW\ 

V ° 27t m \ dr 2 )r Q 

Since the quantity (d 2 V/dr^r 0 gives the curvature at the point r = r 0 , 
we may dfaw the conclusion that greater the curvature at the equili¬ 
brium position, greater is the natural frequency of the nuclear motion 
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iwtrSn r hoM fche ponding energy levels. As the above con- 
ber, alone a “3 ^ 8maU M, P li *“ d “ «■&. k>w qnan.nm nun- 

bers thp highly ©xcited states with large quantum num- 

aHow ft t f ° n . °t th ° CUrve frora the Parabolic form does not 
o anfi!m n» r K be treated aa a ^rmonic oscillator. As the 

closely tna^t-h 6r ir * erease8 » energy levels crowd more and more 

corresnrmd^ V Tk ^ *** . th .° so * call i e 'd convergence limit. This limit 
of eneLv -n ° i / ^ ss nciation of the molecule ; it requires a quantity 

level ° ^ e P tb °fthe potential hollow below the zero 

energy if « n rf 6 m .° ecu ^ e 13 excited by this or a greater amount of 
veio^v mi lt t U ^ u mt0 atoms or ions which then fly apart with a 
of affairs^ n be j , ^ cess energy. In molecular spectra, this state 

gen op lim'f mam ested by a band system occurring with a conver- 
SDectmm X * T* lC *. 18 ^mediately followed by a continuum. Such a 

thp mni f? teS ; as m the case of at °mic spectra, (Of p. 576), that 

to a ^ .^° rbd vibrational energy in a quantised form only up 

t i ‘ i lmi ^ e( 5 ua l to the energy of dissociation, beyond which 

p. r f 0 1 1 °. n ener ©y * 3 continuous, the excess energy being con- 

ivnt m 0 c { netlc energy of the separated atoms, which is not sub¬ 
ject to quantisation. 


termination of the heat of dissociation. The existence of a con- 

gence imit immediately followed by a continuum in molecular 

spectra offers a method of determining the heat of dissociation much 

more accurately than the thermal methods used in chemistry. The 

a sorp ion spectra of molecules are frequently observed to consist of 

a num er of groups of lines which crowd together in the direction of 

increasing frequency and then pass over into a region of continuous 

spec rum. The frequency v where the continuum starts gives the 

energy hy necessary to dissociate the molecule. Since the heat of 

issociation is usually referred to normal atoms as dissociation pro- 

uc s, corrections will have to be made according as one or both 

atoms are in excited states. The heat of dissociation is also ordi- 

nan y referred to one gram molecule. In this connection it is useful 

to remember that 1 electron volt = 8106 cm." 1 . From Avogadro’s 

number N = 6*064 x 10 23 we derive also 8106 cm. -1 = 23,055 cal./ 
gm. mol. 

In practice, the interpretation of data is not always simple, 
because the continuous absorption region is observed only in one 
typo of molecular spectra, which yivolves an alteration of the 
electron configuration, thereby indicating that the frequency v of 
the limit of continuous spectrum corresponds to the dissociation of 
excited molecules. Hence, it is not possible, without further infor¬ 
mation, to say what the state-of the products will be. In any parti¬ 
cular case, it is necessary to determine the nature of the dissociated 
atoms, i.e.y normal or excited, by a principle, known as Franck - 
Condon principle , with which we shall deal presently. In the case of 
many atomic compounds, such as H 2 , N a , 0 2 , etc., the molecule 
breaks up into one normal atom and one excited atom. Taking H f 
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as an example, the region of continuous spectrum is observed to com¬ 
mence at 850 A° and the corresponding value of the heat of dis¬ 
sociation is 334 K cal. Since one of the atoms is excited, the excit¬ 
ation energy is to be’calculated from the first member of the Lyman 
series, 1216 A° ; it is found to be 234 K cal. The heat of dissociation 
into two normal hydrogen atoms is therefore 100 K cal , a value 
which is in fair agreement with that* obtained by thermal methods 
(95-100 K cals). In the case of ionic compounds, such as KC1, Nal, 
etc., it has been shown that the long-wave limit of the region of 
continuous absorption correspond to the energy required to dis¬ 
sociate the molecule into two normal atoms. For KC1, for instance, 
the observed value of A, the long-wave limit, is 2800 A°, which gives 
for Av 101 K cal., agreeing with the value found by thermal methods 
(105 ± 2 K cal). 

In cases where the convergence limit cannot be observed direct¬ 
ly, as in emission spectra, Birge and Sponer have worked out a 
method of extrapolation, which determines the position of the limit 
fairly well. The progressive crowding together of the levels is ex¬ 
pressed by an equation and the extrapolation is made for the energy 
at which the interval between successive levels becomes vanishingly 
small. This method has been found to give satisfactory results, 

Franck-Condon principle. Franck, in 1925, attempting to 
explain the mechanism of 'photochemical dissociation , i.e how a 
molecule could dissociate by absorption of light of suitable energy, 
deduced this important principle qualitatively by making use of 
potential energy curves. Condon was able to develop Franck’s ideas 
quantitatively, first (in 1926) from the old quantum theory stand¬ 
point and later (in 1928) with wave mechanical principles. 

The problem which Franck undertook to solve may be stated 
as follows : In molecular spectra, three types can be distinguished : 
pure rotation spectra which lie in the far infra-red and are caused by 
quantum changes in the rotational energy, rotation-vibration spectra 
in the near infra-red, produced by quantum changes in both vibra¬ 
tional and rotational energies and electronic band spectra in the visi¬ 
le and ultra-violet, effected by quantum changes in the electronic, 
vibrational and rotational energies (c/. next section). Now, when 
molecular spectra result from light absorption, the continuous absorp¬ 
tion region, which is an indicator of the dissociation of the molecule, 
is o served only in the third type, t.e., electronic bands, but not in 
the other two, viz., pure rotation or rotation-vibration bands. Theo¬ 
retically speaking, any adequate supply of energy should give rise 
?° dissociation even by the increased rotation of the molecule which 
is responsible for the pure rotation spectrum or by increased vibra¬ 
tion of the constituent atoms, which causes the rotation-vibration 

nn ti l n P ractice » however, an electronic transition, which is ‘res¬ 
ponsible for the electronic bands, is required for the dissociation of 

molecule by light absorption. Why cannot light-energy be ab- 

rotationa or vibrational energy alone in sufficient quantity 
to dissociate the molecule ? * J 
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The solution proposed is as follows : Molecules without an 
electric moment cannot be affected by the electromagnetic held of 
the incident light and hence their rotational ^energy cannot be increas¬ 
ed* by absorption at all. Molecules with electric moment can be in¬ 
fluenced by the incident light ; but tho selection rule governing the 
acquisition of rotational energy permits that only one rotational 
quantum can be absorbed, which is evidently not sufficient for the 
splitting up of the molecule. Concerning vibrational energy, mole¬ 
cules with no electric moment cannot increase their vibrational 
energy by absorption of light for the reason given above ; but a 
molecule with electric moment which may be regarded as an unhar¬ 
monic oscillator, can, in theory, absorb more than one vibration 
quantum, unlike in the case of rotation ; but changes in vibrational 
energy of increasing magnitude diminish rapidly in probability, so 
that only the first few vibrational quanta are absorbed, which cannot 
apparently lead to dissociation. 


The situation is altogether different in an electronic transition 
which is always accompanied by changes in vibrational and rotational 
energy, even in the case of molecules without electric moment. Con¬ 
sidering first vibrational energy, by means of light absorption any 
number of vibrational quanta are transferred in one electronic transi¬ 
tion, so that dissociation is realised. This can be proved by a con¬ 
sideration of the potential energy curves in the ground and excited 
states. 

In Fig. 249 ( a ), let the lowest curve represent the fundamental 
state. Absorption of light causes the molecule to pass into the ex¬ 
cited electronic state rep re- 



Fig. 249. Potential energy curves of 
diatomic molecules for ground 
and excited states. 


sented by the next upper 
curve. Although the sys¬ 
tem of the light electrons is 
thereby altered, the rela¬ 
tive positions of the heavy 
nuclei cannot alter during 
the transition. H^nce in 
the act of absorption ot 
light, the molecule passes 
from a state on the lov er 
curve to a state vertically 
above on the upper curve. 
According to quantum me¬ 
chanics, there is no state 
in which a molecule does 
not vibrate, but each mole 


cule possesses a so-called zero-point vibration . Hence the intern _ ^ 
distance cannot be determined by definite points but is repres' 
by a probability curve. This means that the transition ta <es * j ven 
not merely from a given point on one potential curve o a 

point on the other potential curve, but over a broad region . g a 

maximum at the place where, according to ordinary mec » 
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transition alone would take place, i.e. } to the nearest quantised 
energy level. Further, since the vibrating nuclei spend a considerable 
part of their time at the turning points, where their velocity is least, 
it is more probable that the electronic transitions will take place 
from these points than from intermediate positions. 

With this basic idea of Franck and Condon, the varying struc¬ 
ture of molecular spectra can be readily understood. The potential 
curves given in Fig. 249 (a) are characteristic of covalent molecules, 
like H 2 , 0 2 and the halogens. The molecule is very stable in the 
fundamental state, but electronic transition is accompanied by a 
loosening of the linkage, i.e., by a diminution of the heat of dissocia¬ 
tion (D' < D). In the spectrum of these molecules, chiefly, those 
bands must occur, for which the change in vibrational quantum 
number is large. As the curve representing the higher state is rising 
steeply at a place where the lower curve is still flat, we may expect 
long series of bands leading from a lower state in which the vibra¬ 
tions are largely independent to a series of strongly vibrating upper 
states or even to a continuous region > If the transition takes place 
to a point on the upper curve which lies above the limit of dissocia¬ 
tion, the molecule dissociates on absorption of light, which is shown 
spectroscopically by a purely continuous absorption region. Fig. 249 
(b) shows the opposite case, in which the linkage is strengthened by 
electronic excitation (D' > D). Such a case occurs with NO, HgH 
molecules which have a doublet band spectrum, indicating the pre¬ 
sence of an unpaired electron that thus seems to weaken the linkage. 

As regards rotational energy associated with electronic transition> 
a riiolecule can also increase its rotational energy to the extent of 
dissociation. The final decomposition may, however, arise from two 
causes : — 

(a) Mechanical instability . Oldenberg has given a strict criterion 
for the occurrence of mechanical instability, viz., when the rotations 
are large and the energy of dissociation small, and has applied it to 
mercury hydride. The bands corresponding to transitions from 
higher electronic states to the fundamental state all break off at a 
definite rotational quantum (different for the different vibrations) of 
the lower state. These rotational levels all lie much higher than the 

energy of dissociation of the state, as can be shown from the poten¬ 
tial curves. 

(£>) Predissociation. This term was first introduced by Henri,, 
in 1924, to describe a phenomenon observed in the absorption spec¬ 
trum of sulphur (S a ). The rotational fine structure became suddenly 
diffuse at shorter wavelengths. This means that for values of vibra¬ 
tional energy equal to or greater than a certain critical value, quan¬ 
tisation of rotational energy ceases or becomes imperfect. Further 
researches by Henri and others showed that (i) the occurrence of 
predissociation in absorption spectra is common with both simple and 
polyatomic molecules, (n) predissociation may set in suddenly or 
gradually, (Hi) in many cases more than one region of predissociation 
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occurs and (iv) the limit of predissociation gives the upper limit for 
t energy of dissociation of the molecule. These points have been 
satisfactorily interpreted on the basis of the Franck-Condon principle, 
as due to intersect ions of the potential curves. 

Franck-Condon principle is not limited to the optical dissocift- 
ion of molecules. It has been applied also to chemical binding, 
intensity distribution in both absorption and emission spectra, con¬ 
tinuous spectra, etc., into the details of which we cannot enter here* 

2. MOLECULAR SPECTRA 

Introduction. Molecular or band spectra are produced by 
mo ©cules, i.e. f when the emitting substance is in the molecular state, 
as distinct from atomic or line spectra emitted by atoms, i.e. f when 
t e emitter is in the atomic state. The name “band spectra” was 
given at a time when spectroscopes of low resolving power alone 
were available With such instruments, the molecular spectra 
appeared as strips of graded intensity giving the impression of a con¬ 
tinuous spectrum but divided into several bands. The intensity in 
each band falls off from a definite limit called the band-head ; the. 
end of the weaker intensity is obviously hazy, so that the general 
appearance is often of channelled or “fluted” bands, on account of 
which molecular spectra are sometimes called a,lao fluted spectra• The 

fact that spectra of this type are really due to molecules is readily 

established by the disappearance- of the bands when the emitting sub¬ 
stance is heated to temperatures at which the molecules dissociate 
into atoms. 

With high resolving power instruments, molecular spectra dis¬ 
close a three-fold structure : ( i) each band is composed of a large 
number of lines which are arranged with great regularity, often stretch¬ 
ing in both directions from a gap in the band and crowding together 
at the band-head (which shows that the namO dine*' spectra, used to 
designate atomic spectra alone, is not quite correct) ; ( it) several 
bands are found to follow one another in a regular sequence, consti¬ 
tuting a group of bands ; (iii) a close and regular arrangement of 
different groups of bands, forming a band system . Several such band 
systems are comprised in a complete molecular spectrum ; sometimes 
adjacent bands overlap and obscure the regularity of arrangement of 
lines, which makes the analysis very difficult. 

Many substances are known to produce band systems in different 
spectral regions, viz , the far infra-red (about 160 /a to 30 /a), the near 
infra-red (about 5 /a to 1 /a) and the visible and ultra-violet (7000 A 
to 1000 A°). These three'systems of bands, according to the accep¬ 
ted ideas of the mechanism of their production, are called : — 

1. pure rotation bands in the far infra-red, caused by the rota¬ 
tions of the molecules, 

2. rotation-vibration bands in the near infra-red arising from 
the vibrations of the atoms inside the molecules, upon which are 
superposed the rotational motions mentioned above, 


t 
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3. electronic bands in the visible and ultra-violet region, con¬ 
nected with electron c transitions, over which are superposed molecu¬ 
lar vibrations and rotations. 

Naturally, the pure rotation bands are the most simple, while 
the rotation-vibration bands are more complicated and the electronic 
bands the most complex. 

Experimental study. The pure rotation bands in the far infra¬ 
red were first noticed in the absorption spectra of the hydrogen 
halides, Czerny found in the case of HC1 a series of seven absorp¬ 
tion maxima in the region 1 20 m to 44/* and was able to show that 
the observed absorption lines could be represented by the relation : 

v = 20*8411 m — 0*001814 m 3 

(m = 4, 6, 7, 8, 9, 10 and 11) 

For the lines of the other hydrogen halides also, he found 
similar relations : 

HBr, V = 16*7092 m — 0 001457 m 3 

(m = 5, 6, 7, 10, 12, 13 and 14) 
HI, ~ = 12*840 m — 0*00082 m 3 

(m — 6, 7, 8, 9) 

These relations show that the group of lines that constitute the 
rotation bands are separated by an approximately constant frequency 
difference, since m assumes successive integral values. The missing 
integral numbers for m correspond to lines not observed. The second 
term (in m 3 ) indicates that the frequency interval is not quite con¬ 
stant, The line for HI with m =; 1 should He at a wavelength of 
nearly 1 mm., t.e., in the microwave region, as may be seen from the 


1 he molecules of water and ammonia also show complicated 
absorption spectra in this region. With the recent introduction of 
the microwave spectrometer, it has now become comparatively easy 
to observe and analyse the pure rotation bands in many cases and 
interesting results have been obtained (c/. p. 183). 

The rotation-vibration bands m the near infra-red are also observ¬ 
ed in the absorption spectra of the hydrogen halides. The general 
structure of a typical band 
of this sort (HC1) is shown in 
Fig. 250. The form is seen to 
be double, the so-called 
double bpnd t in the sense 
that a curve drawn through 
the intensity maxima of the 
individual lines shows two 
niaxima/ They are known 
JJ8 the P and R branches. 

There is a gap between the 
two bands, the so-called 
missing central line . This 


2700 


2900 


3 tOO 


Fig. 250. Rotation-vibration band of HCl 
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feature of a double band with a central gap distinguishes the 
rotation-vibration spectra from the pure rotation spectra which have 
only a single band with no gap. The Maxwellian distribution of the 
lines on either side of the gap may also be noted ; the corresponding 
lines in the two branches have approximately equal intensity. 

The wave numbers for the maxima of the individual lines are 
well represented by the formula : 


v = 2886*2 + 20 5379m — 0 30318m 2 — 0 001814m 3 

The first term indicates the region in which this type of spectra 
appears (2886 cm.' 1 ), i.e., near infra-red ; the second term gives the 
approximate distance between the lines, (20*5 cm. -1 ) which is nearly 
the same as the distance between the lines of the pure rotation 
spectra (20*8 cm. -1 ). This fact argues to the bands in the near infra¬ 
red being due both to vibrations and rotations of the molecules-^ 
hence the name rotation-vibration bands. The other two terms are 
correction factors which show that the distance between the lines is 
not a constant, but decreases as we pass to higher wave numbers. 
The lines which are on the higher wave number side of the central 
missing line constitute the R branch, while those on the lower wave 
number side the P branch. 


Rotation-vibration bands are found also with substances other 
than the hydrogen halides, but their structure is often more complex 
with no gap in the centre of the band. Thus the absorption spectrum 
of C0 2 shows many rotation-vibration bands from 1*46 m to 15/* ana 
that of water vapour in the region 0*69 a to 6*26/*. These bands to¬ 
gether with the rotational lines of water vapour are responsible for 
the marked absorption of the earth’s atmosphere in the infra-red. 

In order to exhibit rotation-vibration and pure rotation spectra, 
a molecule must possess an electric moment. Hence homonu clear 
diatomic molecules, such as H 2 , 0 2 , N 2 , etc., which possess no mo¬ 
ments, have no spectra of these tw*o types. Gases composed of sue 
molecules are entirely transparent in the infra-red region. 

The electronic bands occur in the visible and ultra-violet regions 
both in emission and absorption. Probably the best known case o 



Cyanogen bands at about X = 3883 A (Graff) 
this type is the cyanogen (CN) bands in the red and violet regi 
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which appear in the spectrum of an electric arc between carbon elec¬ 
trodes. The cyanogen bands in the violet region obtained by Graff 
are reproduced on the opposite page. 

In t.ho complete electronic band system there are several groups 
of. bands, each group containing, in turn, several partial bands 
sharply denned and brightest on the long wavelength side and fadin'■ 
away towards shorter wavelengths. Under greater resolution, the 
partial bands are found to be composed cf a large number of lines of 
regular structure but crowded together at the band-head. Anions 

ha Iu ee u P ° 3 f ible *° distin g uish three branches, known 
as the P, Q and u branches, the central Q branch being absent in 

many bands. Tho distance between the partial bands is of the order 

of magnitude of the vibrational frequency of the molecule, while the 

spacing of the lines in the bands that of rotational frequency It is 

therefore assumed that the bands are rotation-vibration bands asso! 

nated with a simultaneous alteration of the electronic configuration 

t:tr eCUl % relativel y lar 8 e energy change involved in 

electronic transition determines the general position of the type viz 

m the visible and ultra-violet and has suggested the name electronic 

* 

.... "Jbe empirical relation discovered by Deslandres in conneriinn 
with these bands is of the form connection 

v = A Bwi -j- O m? 

7 i8 r th f W r e ^“ber Of a line in a partial band, A the wave 

K'T.d l b * 2 " d 3^ d - B ““ ° *-oi«ri.Uo e „7‘r. 

Theoretical explanation. The first step towards ordering 
fandreTirigsT' 1 L e , pres ® ntin f then J by formulae was taken by De S 8 

XlMatterT a i grCat maSS ° P experimental data, became the mS 
1 all latter developments, just as Balmer’s formula was the archtvne 

in 9l2 rie nrovhl^ S1 °rr at0 “ ic . 8 P eotra ' Bjerrum and SchwarzSild, 
nfri , ' P rov *ded the foundation on which the empirical formula 

t^ lan We S a C r 0 e U ^^fnde 6 bS t t and T iU8tifie H ba8iS ° f ^uanS 

Bjerrum-Sch warzchild theory° with^ctual ^pe^imenU^dltf 1118 ! ^ 
improved upon Hourlinger’s work of Xificath n bv t n L, ata - LenZ 
comprehensive theoreticfl point of view PWHv dlt! & m ° re 
the band spectra of diatomic molJuleT hvTrlT’ detailed ,P a P e rs on 

Phase of the theoretical investigation Y * d ° 8ed the first 

nr A2i of ddpe " d - 

fully attacked. Mecke and more particularlv be6n ess * 

ft pply the ideas of tho multiplet theorvoflnm!^ , W6r f abla to 
electron spin of the moWnl« ^ 1 at 1 0ms , to molecules. The 

character of the band lines • rtie.. 6 * 6 *™ 11168 tbe s * n 8| et « doublet, etc. 

cules exactly as for atoms ano-orH** 18 * 8 tu a ternat * on ^ aw for mole- 

y as ior atoms, according as the number of electrons in 
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the molecule is even or odd. Besides the electron spin, also the 
nuclear spin shows itself in the sequence of intensities of the band 
lines. Hund has set up general schemes for the coupling of the spin 
or orbital moments with the inn6r-nuclear axis in the case of diato¬ 
mic molecules. 

In the more recent and actual stage of theoretical interpreta¬ 
tion, the more complicated polyatomic molecules have been analysed 
by quantum mechanical methods to a certain extent, Mullikan 
thinks that the most important spectroscopic problems no longer lie 
in the realm of atomic spectra, but in that of molecular spectra. 

Here, we shall limit ourselves to a simple theory of the mole¬ 
cular spectra, which explains the essential features of the three types 
stated above. The theory proposed is based on the following assump¬ 
tions :— 


(i) Diatomic molecules alone, such as HC1, CN, etc. are consi¬ 
dered. A diatomic molecule is supposed to be constituted with two 
atoms separated by a distance which is large in comparison with the 
atomic dimensions. The molecule as a whole can rotate about an 


axis passing through thje centre of gravity of the system. There can 
also be relative vibratory motion of the two atoms inside the mole¬ 
cule along the line joining the atomic centres. Study of specific 
heats shows that at sufficiently high temperatures, in addition to the 
translatory motion of the molecules which gives the thermal energy, 
new degrees of freedom appear, such as rotation and vibration, men¬ 
tioned above. 


(i U ) The total internal energy E of the molecule is assumed to 
be made up of three parts : (a) rotational energy E r due to the rota¬ 
tion of the molecule as a whole, (6) vibrational energy E„ due to the 
relative'vibrations of the atoms in the molecule and (c) electronic 
energy E* due to the orbital motions of the electrons associated with 

the molecule. Hence E = E e + E v + E r . From the spectral regions 

in which the three ty pes of molecular spectra occur, it is readily seen 
that E* Ej, >> E r . Here we have not included the mutual energy 
of the electrons and the intrinsic energies of the nuclei. Ordman y 
these contributions have little influence on the molecular spectra. e 
shall have to consider the intrinsic energies of the nuclei when we 
come to study the isotopic effect in band spectra. Further, cr 
are molecules, such as H 2 ,* where the effect of the magnetic 
of the nuclei becomes the dominating factor, as we shall see « en 
deal with nuclear spin. . 

(m) The same quantum laws, as used in the mterpretatiem o 
atomic spectra, are assumed to hold good also in the case o ™ 
cular spectra. Hence, the three components of the molecular , ^ 

can have only discrete, quantised values. Corresponding o 
the three types of energy, there is, therefore, a quantum 
m v and m ei changes in which jfflay the^same role in ban. -Rohr's 
does the quantum number n in atomic spectra, Jjurtn * 
frequency condition Av = W x — W 2 is also adopted. 
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framing the theory, we shall start with the simplest ease of 
£hLS*t? j and j proc ? edt0 ^ more complicated rotation- 

JSS. b“ d? ‘' ' y “"‘ sid " the "° s ‘ J7“e» of 

_ ' \y^\^ — 

Theory of the pure rotation spectra. Considering a diato- 

Mnt^nf CU ® r °, tate & u a Wh ° le about the axis Passing though its 

inertia ahoTtL y ’ e - 40 r 6 ltS angular velocity and I its moment of 

the two atnm« he “S' ° f ™ tati ° n - Let m i and m, be the masses of 
d thp , toms > r i and r 2 their distances from the axis of rotation and 
d the distance between the centres of the atoms. 

A simple theorem on centres of gravity gives m,r — mr from 
which it can be shown that K 11 ~ * 4> lrom 

r, = d { wi 2 / ( Wl + m t ) } and r 2 = d { m, / (m, + i 

i moment of inertia I isgiven by I = m,r 2 4- mr - 9nKof; 

I = I* {mm Tin? 4 . L \ - ^ K and simplifying, we get 

mass” lh ‘ d » lbl « 

Appjng ;;r^.rurt"di£;„°i ih ijr. t i,7 u ,. , ; oleo '' lc r “- 

P, - »a/2», -here n. i, the , oW ,w 
he angular velocity u is given by 

to = p 9 II = j 2 n j, 

Ihe kinetic energy of the rotating molecule is 
E, - V. le,' - •/, . I (i I 2 „I). _ ,*,,8,,!, . „ , 

a* sss “s ^, r ^ P r«‘s d ' “ p * bi * » f —• 

m r = 0 , 1 , 2 , 3 , etc. 

ettte r? !' “" gy ” h “ 8 “ f ' 0,n E '. oof^oponding to . q „.„ toln 

energy J, ° “r.' P< ’“ dln(: * “ nothet . qn.ntnn, of 

gy /tVr 18 absorbed or emitted, which is given by 


Av r = E fj - E ra = (hySntl) (m r 2 


- 4 . ,-, X 2 ) 

Hence, the frequency v r of the spectral line is given bv 
v r — (A/8 tt 2 I) (m T z — *n, 3 2 ) 

= „ (m ri + m, 2 ) ( Wri _ m j 

—here A-. 

absorption and the - velign to emissio 6 n + VG S ‘ 8n COrres P ondin g to 

Considering only the case of absorption, 

j = (A/87T 2 I) (2w r + 1) 

popping the subscript. - (!) 
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This relation (1) predicts a spectrum of equally spaced lines 
with frequencies equal to integral multiples of a fixed quantity 
hj 8tt 2 I and a constant frequency interval dv r = A/4 tt 2 I. 

Wave mechanics leads to the same result, except that m r is to 
be replaced by { m r (m r -f- 1) } l/2 . On this basis, the energy of a given 
rotational state is (h 2 / 87 T 2 I) {m T (m r + 1 )}, v f = (A/ 47 t 3 I) (m r ± 1 ) 
and dv r = &/4 tt 2 I. 

The validity of the theory may now be tested . According to 
Czerny’s empirical relation for HC1, the lines in the pure rotation 

bands-are given by~v = 20*Sm (cm.” 1 ), omitting the small correction 

factor. In terms of frequency, since v = v/c, v r — 20*8 m X c. 

Asm stands for successive integers, it is readily seen that 

dv r — hj4n 2 l = 20 * 8 c. 

From this relation, I can be computed. 

l h 6*55 X 10 '* 7 _ 

“ 4 77 2 x 20* 8 c “ 4 tt 2 X 20*8 X 3 X 10 10 
= 2*66 x 10' 40 gm. cm. 2 

[Note. The moment of inertia of the molecule can thus be 
determined from measurements on the molecular spectra.] 


Now, since I — {m 1 m 2 j (m x + m 2 ) } d 2 , where m x and are 
the masses of the two atoms, in the case of HC1, knowing the maw 
m x of the H atom and the mass m 2 of the Cl atom, d can be evalua 
As the mass of a single atom is its atomic weight divided by Avoga 
dro’s number (6*66 x 10 23 ), 

m x = 1 / 6*06 x 10 23 = 1*65 x 10' 24 gm. 
and m 2 = 35*5 / 6*06 X 10 23 = 5-86 x I0‘ 23 gm. 

I (Wj m2) 


m 



2*66 


1 

X 10" 40 X 60*25 x 


10 


24 


1 /* 


1*65 x 58*6 X 10” 48 
= 1-286 x 10' 8 cm. 

Thus, the distance between the centres of two a to nas H and _ 

the HC1 molecule is of the order of 10' 8 cm., which is mg ^ & 

ment with the value of the molecular diameter obtained by * 
methods. Hence the interpretation of the far infra-re S P® C _ 
to the rotation of molecules is correct. The validi y trftn8 itio»s 
cation of the general quantum conditions to the rota ion 

of molecules is also established, iriccd 

Explanation of the correction term that appears in t eemp ^ 

relation . As the velocity of rotation increases, the inertia I, 

must increase the distance d and hence also the mo ^ constant 

whereas in the theory proposed above, I is assume of the vaua- 
and independent of the angular velocity w. As a , _ r yalues 
tian of 1, the energy levels corresponding to the ig r 
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must lie somewhat lower than that given in the theory. The lines 
corresponding to transitions involving higher m r values must, there¬ 
fore, have somewhat lower wave numbers than they would if I were 
constant. Actual calculation shows that the diminution in the wave 
number is proportional to ?n r 3 . This is why the correction term in 
the empirical relation contains m 3 , m obviously standing for m r . 


Theory of the rotation-vibration spectra. Tn general, a 
diatomic molecule may rotate and vibrate at the same time, so that 
the total internal energy is*partly rotational and partly vibrational : 

Evib-rot — E„ -J- E r 

Any given change of state may involve a simultaneous change of both 
< | ( - ol energy, i,e. t he energy Av of a given radiation emitted by 
the molecule Lsay come partly from the vibrational energy and partly 
from the rotational energy of the molecule. 

Considering first the vibrational energy, it is evidently that of 
an oscillator and its value, according to wave mechanics, is given by 

^ { m v + 2 / 2 ) Av 0 

in the case of a harmonic oscillator , (i.e., frequency is independent of 

the amplitude) vherew? p is vibrational quantum number which can 

take values 0, 1, 2, 3, etc., and v« the fundamental 1 natural) frequency 
of vibration. 

Actually, the molecular vibration is anharmonic , (t.e., frequency 

varies with the amplitude) and the expression for E is much more 
complicated as v 


E & — (m, v -f- J / 2 ) (rn v q- 3 / 2 )* x ^v 0 q~ . 

where a; is a measure of the anharmonicity. 

Assuming the simplest case of harmonic vibrations, transition 

trom one vibrational state m v to another m p will cause the emission 
of radiant energy given by 1 


Av, = h Vo { (m Bi + 1/2) - (*»„, + v*) } 

= Av 0 (m Bi — m„ t ) 

v * = v o (, m v l — ) ... (2) 

Upon the vibrational motion is superposed the rotation of the 

mo ecule ; hence the frequency of the individual lines in the rotation- 
vibration band is given by 

.. _ (E », + - (E-. + E r ) 


where and E rj are the vibrational and rotational energies of the 
initial state and E„ t and E r> similar quantities of the final state. 

.. _ fK. ~ \ . /E. _ E. \ 
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Using equations (1) and (2), 

, h 

v = v 0 ( m Vl — m H ) + g-jp (2 m r + 1) 

Vj/ — {~ Vf ( 3 ) 

where v v is the contribution to the frequency from vibration and v r 
from rotation. Thus we obtain an expression for the frequency of 
the lines in the rotation-vibration bands. 

According to relation (2), the frequencies of the vibrational 
lines are integral multiples of a fundamental value. Actually this is 
found to be only approximately true. The reason for the discrepancy 
lies in the departure of the vibrations from pure harmonicity. 

In the case of an anharmonic oscillator, the Fourier analysis 
contains terms of all orders and hence transitions can occur in which 

and m Vtt may have any integral value. 

■*' 

Taking the normal case of absorption in which the molecule in 
lower state = 0) is raised to an upper state (m v = 1), it is seen 

from relation (2) that v v is equal to v 0 . This means that the position 

of the vibrational bands is determined by the mechanical vibrational 

frequency of the molecule, whose order of magnitude is such that the 

bands corresponding to m v = 0 ->■ m v =1 will be found between 

2 1 

1000 and 4000 cm." 1 for light molecules ; this range is in the near 
infra-red where all the rotation-vibration bands are actually 
observed. 

Since the vibrational energy is much larger than the rotational 
energy, every change in the former will be accompanied by a number 
of smaller changes in the latter. That is to say, for a given change 
in m v , there will be many possible changes in m r . In other words, 
for a given value of v„, v, has a series of values for the several integ¬ 
ral values of m r . Hence, in the rotation-vibration band, there will be 
a series of equidistant lines with a frequency interval dv = 

This conclusion is in good agreement with experimental results, since, 
for instance, in the case of HC1, the frequency separation of the pure 
rotational lines in the far infra-red is practically the same as that of 
the rotation-vibrational lines in the ri£ar inTra-red (about 20*5 cm." 1 in 
both the cases). 

The correction terms in the empirical formula . As in the case of 
pure rotational lines, here also the frequency interval between the 
lines is not constant, but decreases as we pass to higher members. 
The explanation'for this is to be sought for along the same lines as in 
the case of pure rotational lines, viz., due to the alteration of the 
moment of inertia of the molecule. The mean moment of inertia of 
a vibrating molecule must be expected to differ from that of the 
molecule not vibrating. Moreover, the centrifugal force which comes 
into play during rotation must alter the strength of the linkage bet¬ 
ween atoms and so must effect the vibrations. There must be 
therefore an interaction between rotation and vibration. This can, 
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in fact, be calculated and the observed variations in the spacing of the 
lines can be well accounted for. 

The central missing line and the P and R branches. In relation 
(3), even if we put m r = 0 in the second term, this term does not 
vanish, but is equal to hj&v?!. Hence it is impossible to have v equal 
to v v alone, which means that the molecule cannot alter its vibrational 
energy without a simultaneous alteration of its rotational energy. 

1 his is the reason why the central line corresponding to v — v v is 
missing. Changes in rotational energy for whidh m r increases by 
unity give rise to an array of lines extending towards greater fre¬ 
quencies—the so-called positive R branch. Changes for which m r 
decreases by unity are responsible for the other set of lines extending 
towards lower frequencies—the negative P branch. 


Intensity distribiUion. We have seen that the observed inten¬ 
sities of the lines first increase with increasing value of m r in both 
the branches and then fall off again. This is explained as follows : 
Just as in the case of translational energy, where at each tempera¬ 
ture there is a most probable velocity, so also there is a most pro¬ 
bable rotational energy for each temperature ; all the other rotational 
energies, larger or smaller, occur less frequently. The smaller the 
distance between the energy levels, the higher is the value of m r 
corresponding to the most probable energy. Now, since the intensity 
of the lines is proportional to the frequency of the initial state in 
question, the higher the state, the farther will be the line of maximum 
intensity from the central gap ; also lines corresponding to same 
values of m r on either side will be equally intense. 

This distribution of the rotational energy is also the reason 
why molecules do not rotate about the line joining the nuclei as axis. 

4 or, the moment of inertia about this axis is extremely small in 
comparison with the moment of inertia I which refers to the perpen- 
< icular axis through the centre of gravity of the molecule. Hence, 
the rotational energy corresponding to I* would be so high even in 

e mu eS ^ ( m r — 1) that any appreciable number of molecules 
cou d be found in this state only at extremely high temperatures, i.e ., 
un er conditions where the molecules would probably no longer be 
stable, but dissociate. 


+ . v Tbus ^ theor y proposed gives a satisfactory explanation of all 
observed facts about rotation-vibration spectra. 

iq tn 7^?*^ , tiie electron * c band spectra. Although this type 
rAlftf; “T Com ^i ex mcdectdar spectra, its explanation becomes 

after what has been said about the other two types, 
mad ft ^ e oergy of the molecule in a given quantum state is 
tinnn.1 F a & . e three components of energy, viz., electronic, vibra- 

enerJv ^,/°V at,0n u < E ‘ + E - + E '>- Transitions between two 

energy states, for which * 

(E ‘i + E », + Er, ) - (E, t + E„ + E r ) 

lose which give rise to the electronic band spectrum. The fre- 
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quency of the individual lines in it is given by 



the first term representing the contribution to the frequency of a 
given line due to the change in the electronic energy, the second that 
due to the change in the vibrational energy, and the third due to 
rotational energy changes. 


Since the electronic energy is of a greater magnitude than the 
vibrational or rotational energies (E, ^ E* E r ), the position of the 
spectrum is determined by the change in E^, which, as we know from 
atomic spectra, is in the visible and ultra-violet regions. 

Further, every single change in E € will be accompanied by a 
number of changes in E„, according to the many possible values of 
(m v — m v ), which accounts for the existence of a number of partial 

bands in a group and of different groups in a band system, as we 
shall see presently. Each of the vibrational transitions will, in turn, 
be accompanied by a variety of rotational changes, according as rn r 
assumes different integral values, giving rise to the rotational lines in 
each band. Thus, just as the pure rotation spectrum can be super¬ 
posed upon a vibrational frequency, so also the whole rotation-vibra¬ 
tion spectrum can be superposed on an optical frequency due 
electronic transition. This process produces a band system. I he 
manifold of all such band systems connected with different electronic 
transitions in a molecule represents a complete electronic band spec¬ 
trum. 

In order to explain satisfactorily the complicated structure of & 
single band system comprising of several groups of bands each o w ic 
is composed of several partial bands , each partial band itself con a 
ing an array of lines , the following two general remarks are o imp 


tance 


to 


(t) The effect on the rotational and vibrational states 

alterations in the electronic configurations is very much grea er 
the interaction between vibration and rotation in the rota ^ n “ , 
tion spectra. In consequence, the molecule has to be consice 
have different strengths of linkage and different momen 3 .v t 

in the initial and final, states. In other words, all constats tna^ 
depend on the details of molecular structure, in pa - » ^ 

moment of inertia (I) and the fundamental frequency ° 

(v 0 ), become different in the initial and final states. 

lilt- 

(u) Further, the electronic motions, in general, * i . L rotation 
ant angular momentum which combines vectorially * f * rtn a in the 
of the molecule as a whole and thereby permits transi i to xj ona i 
vibrational state without a simultaneous alteration of 10 

_ * A _ ^ 


unlike 


the roi 

This means 
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that the transition a w r = 0 is not forbidden, so that the central line 
will not be missing in the electronic band spectrum. 

We shall, for the sake of clearness, first consider the rotational 
structure of each partial band, then the vibrational structure of a 
band-group as well as o;i the band-groups forming a band system an 
finally the electronic structure of a complete banc spectrum compris¬ 
ing several band systems. 

(a) Rotational structure. Denoting the rotational quantum 
numbers of the initial and final states by m r and m/ respectively and 
the moments of inertia of the two states by I and V respectively, 

A 2 

the rotational energy of the intial state E r = + 1) 


h z 

and that of the final state E/ — w/(m/ f* 1)* 


f fence the contribution to the frequency due to this change in rota¬ 
tional energy is given by 

fc E r - E/ h r m r (m r + 1) + 1)1 

h " 8tt 2 [_ I I' J 

The frequency of the individual lines in a partial band is, there¬ 
fore, from relation (4) 

h Pwi r (wi r *4" 1) m r {rn T 4* 1)”] 

v = v, + v„ + ^ l i r j 

Putting A/87c 2 I = B and A/Stt 2 !' = B' and replacing (v^ + v„) which 
represents the contribution due to the changes of electronic and vib¬ 
rational energies, with which we are not dealing now, by o, 

v = a + { B m r (m r + 1) — B't n/(m/ + 1) } 

Taking into account the three permitted transitions, viz., 
Affi, = + 1,0, — 1, we can distinguish three cases :— 


I case. For Am r = + 1 or m r — m r + 1 » 


v = a + { B (m/ — 1 )m/ — B'{m/ 4* 1 )m-/ } 

= a + (B - B')m/ 2 - (B + B') m/ 

Putting B + B' — 2b and B — B* = c, 

v — a — 2 bmj + cm/ 2 

* 

II case. For Aw r = 0 or m/ = m T 

v = a + { B (m r f + 1) in/ — B' (m/ + 1) m f * j 
= a + (B - B') m/ 2 + (B — B') m/ 


— a + crrir + cm/ 2 
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HI case. For Aw r = — 1 or m r ‘ = m r — 1 

v = a + {B (m/ + 1) (to,' + 2) — B'ro/ («i/ 4- 1)} 

= a + i m r + 1) {B (m/ + 2) - B'm/} 

— ° + ( m r 4 1> {B (m/ + 1) + B — B' («/ + 1) + B'} 

= a + (B + B') (to/ + 1) + (B - B') (to/ -f 1)* 

= a 4- 26 (to/ + 1) 4- c ( m / 4. jjs 

Thus we get three different expressions for v according to 

or — I; They are known as the P, Q, R branches 
pec ive y of the rotational lines (nomenclature due to Heurlinger). 

. 1 frequencies of the individual lines in these branches are. 

therefore, given by 


Vp 

V Q 

VR 


a 


2bm/ -|- cm/* 


= a + cm/ + cm/* 


m * 


m * 


a + 2b (to/ 4- 1) 4- c (to/ + 1)* 


[Note. The quantu 




(5) 

( 6 ) 
(7) 


... - 1 number m/ of the final state may assumo 

ny positive integral value, including zero, except in the case of the 

_ ranch, where the smallest value of m/ is clearly 1 (transition 
^ 1), since A m r = + 1 or m/ = m r -j- 1J. 

, Relations (o), (6) and (7) giving the frequencies of the lines in 

_ e three branches are very similar to the empirical formula of 
-Deslandres : v = A + B m + Cm*. 


If the moments of inertia in the initial and final states were 
equal (which would be the case if there was no electronic transition, 
hence a case of rotation-vibration) 

I = I', B = B' and B — B' = c — 0. 

Under these conditions, relation (6) for the Q branch loses its mean- 
,n g* s l nc © vq = a, while (5) and (7) are reduced to 

v F = a — 2b m/ 
vp = a + 2b (m/ + 1) 

which show that the spacing of the lines in the two branches P and 
R is uniform, as is to be expected. 


Actually, however, the moments of inertia in the initial and 

that 

_ _ r _ _ not 

vanish in relations (5), (6) and (7) and their effect becomes very 
pronounced for the higher values of m/. 


tt^buttny, nowever, the moments ot inertia m the initial 
final states differ markedly in the case of electronic transition, so 
1 ^ I, B ^ B' and c ^ 0. ’ Consequently the terms in m/ % do 


Fortrat diagram. The complex rotational structure of the 
three branches can be best studied by means of a graphical represen¬ 
tation, first used by Fortrat and hence known as the Fortrat diagram* 
This is obtained as follows : Certain fixed values are given to a, b and 
c ; then assigning different integral values 0, 1,2, 3 etc. to m/, the 
corresponding values for vp, vq and vr are calculated. The values of 
* thus obtained are plotted against the corresponding tn/ values, 
>aking the former as abscissae and the latter as ordinates. 


MOLECULAR SPECTRA 


777 


Taking first the simple case of I — I' and c — 0, the relations to 
be used are v Q = o, vp = a — 2 bm/ and vr = a + 2b (m/ + 1). 
The Fortrat diagram for this 
case is shown in Fig. 251. / 

vq = a for all values of m/ ; "V* 

but vp and vr, t.e., the P and . 

B branches extend asym- ^ 

metrically on either side of ^ 

the Q line, intersecting it at 

— 0 and — 1 respec- ^ 

tively. The corresponding 
rotational lines of the two 2 

branches are obtained by q 

projecting the points of - 

intersection of the two bran¬ 
ches with the horizontals at 

etc. on the v Fig. 251. Fortrat diagram (c=0). 

axis ; these lines, indicated 

below the Fortrat diagram, are equi-spaced and would represent the 
rotational lines of a rotation-vibration band. 

Considering the more complicated case, proper to electronic 
transition, t.e., where c ^ 0, two things might happen, viz. either 
c <c 0, i.e ., negative or c >■ 0, i.e., positive. 

Ifc< 0, B — B' = c is negative, or B' > B or I > F, t.e., 
.. ® nioment of inertia of the molecule in the initial state is greater 
an that in the final state. The relations to be used are : 

v P = a — 2bm r ' — cm/ 2 , vq = a — cm/ — cm/ 2 
' and v R = a + 2b (m/ + 1) — c (m/ + 1)*. 

The Fortrat diagram corresponding to this case is shown in Fig. 252. 

© t rce curves representing the three branches are parabolic in 

form, P and Q intersecting at 
m/ = 0 and R and Q at 
™/ “ — 1 ; the P and Q branches 
are always inclined in the lower 
frequency direction, while the R 
branch first rises in the higher 
frequency direction and tjien 
bends back towards the lower fre¬ 
quency at higher values of m r \ 
This is to be expected from the 
nature of the relation used. 
Owing to the negative value of c 
and the preponderance of the 
quadratic terms for high values 
of m/ , the R branch is bound to 
bend back ; for small values of 
(m/ + 1) the positive linear term 
{ + 26 (m/ + 1)} will predo¬ 
minate, but when m/ reaches 
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high values, the negative quadratic term { — c (m ' + l) 2 } will 
become more important, since 26 = B + B', while c =T B — B. 

Projecting the points of intersection of the parabola of the R 
branch with the horizontals at m r ' = 1, 2, 3, etc. on the v-axis, we 

J * lines of this branch, as shown below the Fortrat 

diagram. We see that there is a crowding of the lines at the right 
e so ‘ ca ^ e< ^ band-head. The band extends from this head in 
the direction of lower frequencies. The rotationallines of the P and Q 
Tanches, when drawn in a similar manner, will interpose themselves 
etween the lines of the It branch. This type of band with the 
ead in the It branch is said to be shaded off towards the violet (since, 

0I *n ?' ccount ^hc crowding of the lines at that side, the intensity 
\uJl be great there, producing the impression of “shading”) or degrad • 
ed towards the red (on account of the diminution of intensity due to 
scarcity of lines on that side). 

If, on the other hand, c > 0, t.e., positive, I < T and the for¬ 
mulae show that the Q and R branches are always inclined in the 
higher frequency direction, while the P branch first rises in the lower 
frequency direction and then bends back towards the higher frequem 
cy at higher values of m/, since the varying sign in the terms involv¬ 
ing m r occurs in the relation (vp = a — 26m/ + cm/ 2 ) of the P 
branch and not in that of the R branch (Cf. Fig. 253). The rotation¬ 
al lines of the branches can be drawn as in the previous case. Here 
the band-head which appears on the P branch is on the red side an^l 
the band extends towards the violet. Such a band is, therefore, 
shaded off towards the red or degraded towards the violet. 

It is to be noted that the circumstance that the lines run partly 
towards the band-head and partly away from it apparently disturbs 

the regularity of the sequence of 
the lines. The band head, with 
its changing positions, is not of 
very fundamental significance. 

Distribution of intensity . 
In many electronic band spectra 
the maximum intensity lies at a 
m/ value near to that at w'hic i 
the P or R branch turns hack. 
Hence the intensity is at its 
greatest at the band-head. . ® 
this reason, measurements, fuen 
as the counting of the ones, 
were formerly referred to 

Fig. 253. Fortrat diagram (c > 0). band-head ; but as we have 

marked above, the position oi 

the head has no great significance. Measurements 
with reference to the zero line , t.e., the line for which m r — 

Q branch and which is also called the band origin . As ih © 
rotation-vibration spectra, here also Maxwellian distnbu lon . 
sity is to be expected and, in consequence, the minimum i 
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should occur at the zero-point -of the Q branch ; on both sides of it, 
the intensity first increases and then decreases. If we count the 
lines from the band origin the intensities of the lines bearing the same 
number are equal in the R and P branches. But in the ' ^ l ! t 
quency this symmetry becomes more or less unrecognisable. Since, 
in many cases, one of the two intensity maxima lies near the band- 
head, this produces the impression of strong channelling or ‘ fluting , 
when the whole spectrum is viewed. 

On account of the statistical nature oi intensity distribution, 
the intensity of the rotational lines depends on the temperature. At 
low temperatures, only the levels of low quantum number are present- 
in appreciable proportion ; and at a given temperature, the preferred 
levels are lower, the greater the energy difference between them, i.e., 
lower for molecules with smaller moments of inertia. For this reason, 
in the H a molecule, even the first rotational level \m r = 1 is relat¬ 
ively high, several hundred cm. - " 1 as compared with about 20 cm. 1 
for If01. Hence, at low temperatures only a very small proportion 
oi Hj molecules possesses even one rotational quantum. This means 
that rotatioii is practically absent and with it the corresponding .deg¬ 
ree of freedom. Thus, at moderately low temperatures, the H 2 mole¬ 
cule behaves, as regards specific heat, as a monatomic gas. 

Testing the validity of the theory proposed. The cyanogen bands 
in the violet region provide a typical example for testing the theory 
of the rotational structure developed above. In these bands, the 
laws for the P and R branches are verified extremely well and the 
Q branch is not present, which simplifies the analysis very much. 


Heurlinger has subjected the cyanogen bands to a very exact 
and close study. In several of the bands, approximately hundred lines 
in each can be counted. Taking the group of five bands at about 
A = 3800A°, the first band-head lies at 3884 A°, the second at 3871A°, 
the third at 3862 A°, etc. (Cf. photo on p. 766). The partial band 
belonging to each head resolves itself into a P and a R branch. Heur¬ 
linger has determined the zero lines belonging to the three band-heads 
mentioned above and has calculated the constants 26 and c ; they are 
3 843 cm. -1 and 0*0673 cm." 1 respectively. The value of c is very 
much less than that of 6, as expected from the theory, since 
6 == (B -f B')/2, while c = B — B\ Further, the smallness of c 
indicates that B and B' are nearly equal, t.e., the moments of inertia 
of the molecule in the initial and final states are nearly the same. 
Under these circumstances, it is sufficient to evaluate an average 
moment of inertia I m ^ I I', 


B ** B' = 


I_ = 


Sn^i m c 

k 


m 


Srt® B c 
1-44 x 


in wave number scale 

_ 6-55 x 10'® 7 

- 8tt® x (V* x 3-843) X 3 X 10“> 

10- SB gm. cm.® 


* 

* * 
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substifii+J^rr^fK ^ arr * er ^ be cyanogen bands is the CN molecule, 
I •=. im J? k 6 nown passes of the C and N atoms in the relation 

the dii^/w + ***£ d * We obtain d = 1“10 X 10-8 cm, which is 
order of m? b ® tw f en tbe atoms in the CN molecule. This is of the 

the nron^I^ Ude l ° be ex P ected f ^m other considerations. Thus 
P P theory is confirmed by experimental data. 

strnrtli^L Y^cttional structure. In order to explain the vibrational 
to ohflnrr^ in * a and system, we must consider the contribution duo 
lation t±\ m vlb J’ atl< J na ^ energy implied in the v v component of re¬ 
in tfiA ii • a read ^ stated, under the influence of the alterations 

turban 60 +^? niC con % urat, * on > the vibrations become markedly dis* 
initial S °4 i 0 fundam ental frequency v 0 will be different in the 
will , nal S ^ ates * likewise the coefficient x of anharmonicity 

111 not bs the sa me in the initial and final states. 


+ v f ^ 777 *” V °i anc * x re P resen ^ the vibrational quantum number, 
nn amental frequency and the measure of anharmonicity res- 

pec ive \ of the initial state ; m v 0 ' and x r are similar quantities 
referring to the final state. 

The vibrational energy of the initial state is given by 

E * = { (m v + i/ 2 ) - x(m v + i/ 2 )2 } hv 0 

omitting higher terms of the series. Similarly, the vibrational energy 
of the final state is 

E » ~ { ( m v + 1 ls) — x’ (m B ' -f- 1 / t ) 2 } kv 0 ' 

Applying Bohr’s frequency condition, 

'*v ~ {®t» / A 

= v o { ( m v + »/«) - + V 2) 2 } - V 0 ' { (m v ‘ + Vt) 

— x ' (m v ’ + V,)* } ... (8) 

= v o( m o + V 2 ) — v 0 x( m B + J/ 2 )» _ v 0 '(m„' -f- J / 2 ) + v 0 V (m„' + V*)’ 

Adding and subtracting v 0 m„’, we can arrange the different terms in 
the order of magnitude as 

V. = (rn v - m v ’)v o + K' + i/ 2 ). ( v# - v 0 ') - { (m v + >/*)* v„* 

— ( m t 4" V*)* v o x ) 

In this equation (9), th first term is the principcd one which 
depends on the quantum transition of (m v — m v ) alone. It will have 
different values for the many possible values of m v and m v \ If 
m v — mj — a m v = 1, we have the “fundamental” vibration ; if 
A m v = 2, the “first harmonic”, and so forth. It is these different 
quantum transitions that give rise to the different groups of bands in 
a band system. 

The second term is small compared with the first, since (v 0 — v 0 ) 
is a small quantity ; it depends upon the absolute value of the quan¬ 
tum number m v * of the final state. By keeping the principal term 
fixed, t.e., for a given value of Am* and varying the value of m p , 
we obtain a number of partial bands in a particular group . 
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Xfte third term is, in general, still smaller, since the coefficients 
x ana x are individually small, being functions of the slight anhar- 
momcities in the linkage of the atoms in the molecule. It is this 
term which causes the unequal spacing of the band groups, as well as 
oj the OQfid”hcL7i,ds in each group. 

Testing the validity of the theory proposed. In the violet 
1 he cyanogen bands, which has been subjected to clo 

^l°i _4200A* 380CA 


3600A 


V 1 Am y =j 

Fig. 254. Band-heads of the cyanogen spectrum. 

ur groups , the first three con- 
foui*th only three, as shown 

i grou P s corres P ond to the quantum transitions 
i. Uand + 1 respectively, as predicted by the 
group, occurring at A = 3884, which we have 
connection with the rotational structure and 

0, contains five partial bands, for 
right, the quantum numbers of the final state m ' 
respectively, again in agreement with the theory. 
~ or . this group, the five bands in it correspond to 

T.l 3 -> 3 and 4 -> 4. Considering the 
in it, viz 3884, 3871, 3862, 3855 and 
not equally spaced. The same is found 
groups. Likewise the groups are 
rst group is at about A = 4550 A° 
ird at A = 3880 A° and the fourth 
acing of the groups as well as of 
to the theory, to the anharmoni- 
le third term of equation (9). 

est is obtained by considering the 
ro lines. For, in this case, the in¬ 
come in and hence the regularity 
appear. The position of the zero 
can be accurately measured from 
d spectrum of cyanogen. On the 
ulated from the theory as follows : 
ncy m it is given by the relation 
nice the zero line corresponds to 
) line is given by 

= v* + 

from equation (8), 

- x(m v + i/ 2 )2 } — v ' { (m' 4-1 L\ 


has been possible to identify clearly fo 
taining five band-heads each,w 
in Fig. 254. The four 

A m v 

theory. The third 
already considered in i 
which corresponds to aw 
which, from left to 
are 0, 1, 2, 3 and 4 
Since a m v = f 
transitions 0 -» 0, 1 1, 2 

positions of the band-heads 
3850, we see that they are 
for the band-heads in th* 
not equally spaced either, 
the second at A = ^200 A c 

\ ~ 3^80 A°. This unequal 
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The constants v f , v 0 , v 0 ', x and x' are chosen in such a way 
that there is perfect agreement with the most accurately measured 
zero line. Giving different values of m v and mj keeping one of them 
constant first and varying the other, then the other constant while 
the first is varied, it is possible to calculate the frequencies of all the 
zero lines of the different groups in the cyanogen band. Comparing 
these values with the experimentally measured ones, there is excel¬ 
lent agreement between the two. It is also found that the corres¬ 
ponding zero lines of the different groups are equally spaced, which 
brings out the regularity or equal spacing of the vibrational struc¬ 
ture. 


(c) Electronic structure . For a complete interpretation of the 
electronic band spectrum, w r e have still to consider the contribution 
to the frequency due to changes in the electronic energy. This can 
be clone by the analysis of v, component in relation (4). This was 
achieved only long after the bands themselves and the band-heads 
had been investigated and it was Mullikan who was the first to star 
researches, both experimental and theoretical, on this point. Otxcr 
workers, such as Mecke, Birge, Hund, Wood, and Heisenberg h ftV ® 
collaborated in this work and have obtained very important an 
valuable results. We can only state them very briefly here : 

(i) Several band systems for one and the same molecule. Since t e 
electronic frequency of a molecule may assume several different va ues 
corresponding to different electronic transitions, the molecule can® ' 
hibit several band systems, which may even lie in quite separ 
spectral regions, like the violet and red cyanogen bands, 

(n) Far-reaching analogy between molecular and atomic 
This was first discovered, in 1925, by Mullikan. The analogy is 

as regards :— 

(a) electronic configuration , i.e.> the electrons of &-fi^closed 
form one coherent system, as in the case of an atom, * 
shells containing a fixed number of electrons, as determm y ^ 

principle and the electrons outside the closed shells actl S * $ 

optical electrons of the molecule responsible for the observed tana 
P ■ But, as already remarked (Of. p. 748) the formation <* 



s 
the 


molecule from atoms with completed K shells leave t os e j eC . 

tact. Thus, for example, taking a diatomic moleoule ^mmon 

trons, there are two closed K shells, one for each woa id re- 

L shell of eight electrons, so that the thirteenth . mu8 t 

main over as an optical electron. The spectra of buc 
be analogous to the alkali spectra. That such is acti.aUy the 

been demonstrated by Mullikan. Birge and others with BeF, Et* 
etc., molecules. Similarly, spectra of diatom 1 , . the 

electrons, c g., MgF, AlO, SiN, etc., exhibit relationship ^ the 
alkali spectra. A direct experimental proof that the K X rftjr R 

atoms of these molecules are intact is furmshe y atoms, 

spectra, which are practically identical with those of the free ato 


shells w« 
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(p) multiplicity of spectral lines . In many band spectra a!! the 
lines are found to be double ; in some they are triple. This multipli- 
city is frequently an isotopic effect (as we shall see in the next sec¬ 
tion), but not always, since the multiplet structure is present even in 
cases where the isotopic effect is excluded. Hence the observed mul¬ 
tiplicity must be due at least partly to the fine structure of the energv 
levels belonging to a given electronic configuration. Meeke was able 
to 6how that molecular spectra also obey the alternation rule , so that 
with even number of electrons in the molecule the term multiplicity 
is odd and conversely. The rules for a systematic treatment of mole¬ 
cular electron terms have been developed by Hund. In this connec¬ 
tion it may be noted that the quantum numbers referring to the 
electronic structure of molecules are usually designated by Greek 
letters corresponding to those used for the atom (e.g., A for l, E for S 

erm, n for P term) although the symbol ,s is retained for the electron 
spin. 


(Y) fluorescence. Like atoms, molecules also are found to be the 
agents in the fluorescence phenomena. This effect has been carefnllv 
investigated by Wood in the case of the iodine molecule. 7 


PECULIARITIES OF CERTAIN BAND SPECTRA 

(1) The band spectra of elementary diatomic molecules. A parti¬ 
cular significance is attached to the band spectra produced by such 
molecules and among them that ol hydrogen occupies a special posi¬ 
tion. The spectrum of the hydrogen molecule does not resemble the 
usual band spectrum, but appears as a “ many-line spectrum" , stretch¬ 
ing from the infra-red to the ultra-violet, the band-heads being absent 
altogether. The Fulcher bands have been known the longest of all 
one in the red and one in the green, both having only a few lines : 
four bands discovered by Croze have about twelve lines each. But 
the sequence of the lines in the bands is so widely separated that the 
lines appear, at first sight, to have no relation among themselves. 
Merton, however, has tested these lines as regards their behaviour 

wth varying pressure, temperature, etc. and shown that thev belong 
to the same bands. 6 


The reason for such an effect with the H, molecule is naturally 
due totKe small moment of mertia which renders the intervals bet- 
wwn adjacent linos (dv = h/4-xH) in a band proportionately so great 

S^rl he Th >r66e , ' he a l , ,? earance of no* grouping together into a 

snectra ft™* ** * T*'"? in the general theory of ^nd 
spectra. , We have an instructive intermediate stage, between the 

“ h a ft n J' h ? spectrum of hydrogen and the ordinary band spectrum, in 

IS™ Si r bj r °*”' r Wh »”“ i» »be h 

8?riktaW m S ^r m * Z n f U1 be cognised, but by no means so 
strikingly as in the case of the cyanogen bands. 
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(2) Alternating intensity in band spectra. Another peculiarity of 
the band spectra of diatomic molecules consisting of like atoms, e.g. t 
H 1 , O 16 , etc., is the alternating intensity of the rotational lines, i.e , 
either every second line is missing or the lines are alternately strong 
or weak. Heisenberg correctly ascribed this phenomenon to a wave 
mechanical resonance effect of the two identical atoms and showed 
that if the nuclear spin vanishes, alternate lines drop out, whereas if 
there is a resultant spin, the lines will alternate in intensity. We 
shall consider this effect, more in detail, when we deal with nuclear 
spin. The absence of every second line has been experimentally con¬ 
firmed in the He 4 , C 12 , O 16 , S 32 molecules which, in consequence, have 
no nuclear spin. On the other hand, molecules that consist of two 
isotopes of the same atom, such as O 16 , 18 or Cl 35 , 37 do not exhibit, 
either experimentally or theoretically, anomalies in intensity in their 
spectra. 

Conclusion. Band spectra research has now developed into a 
science of considerable dimensions. For the interpretation of the 
extensive experimental data which have been collected, ingenious 
mathematical methods, such as group theory, consideration of sym¬ 
metry, etc., have been called into service. The investigation and 
analysis of band spectra give valuable information regarding molecu¬ 
lar structure, as we have already seen ; they offer a very delicate and 
accurate means of studying the isotopic constitution of elements ; 
they have formed also a convenient background for the study of . the 
Raman effect. These we shall consider in the next two sections. 

3. ISOTOPIC EFFECT IN MOLECULAR SPECTRA 

Introduction. The isotopic effect in band spectra was first 
observed in 1919 by Imes who found that in the (2, 0) rotation-vibra¬ 
tion band of HG1 at 1*76^ the absorption lines were asymmetrical on 
the long wavelength side. This* was interpreted later by Loomis and 
Kratzer as due to the presence of lines of HC1 37 . The theoretical 
foundations of the isotopic effect in band spectra were laid down in 
1925 by Mullikan. 

Since the three principal components of the total internal 
energy of the molecule, viz., the rotational and vibrational and electro¬ 
nic, depend upon the masses of the atoms that constitute the mole¬ 
cule, it follows that the isotopic nature of the atoms will affect the 
above-mentioned component energies, modify the frequencies of the 
spectral lines and thus make its appearance in the band spectra by 
supplementary lines and bands separated and deformed from the 
normal lines and bands. Thus, for instance, the doubling of each 

line in the rotation-vibration band spectrum of HC1 can be shown to 
be due to the existence of two isotopes of Cl of masses 35 and «> • 

The isotopic effect will make its appearance in all the three types o 
band spectra, but not to the same extent or degree of importance, 
since the dependence of the mechanism of production of each t z pe on 
the masses of the atoms is not the same. The isotopic nature of the 
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constituent atoms will affect the pure rotation hand th™, „> 

th» type of bond will b 5 .L! tio „ to *? 

Srtt e .i. Z’£H st d T ei °" * 

then summarisethe ll^n! °C diat0Dlic molecules and 

effect. important results obtained in the study of the 

.. The° r y °f isotopic effect in band SD erfr a a /nr 

tha^ \h*f‘' In the Ca8€> ° f pure rotational bands', we have 
the momenTofineni^onho 0 ^ 1 ^ 1 i , n Y crse| y proportional to 

here n « the resultant mass and d the distance between the nuclei’ 

V r cx= 1 / * 

isotop^t^^theV^^ 1106 i WUi J ary l,ttle on accoun t of'the 

ticallv constant as fa torn . s ’ ?° tha . fc d ma y be considered to be prac- 
change in frequency win* h^r ,S ? t ? pl ^ effect , is concerned. Hence the 
tant mass. q y be mam ' y due to the chan ges inp, the resul- 

di.»J^T™ytS“„Tto™ s Tf o ;'v„d 0 of t™ ° r th ° 

mosses of the two isotopic molecuko and . ,„d‘. V. '““'“'i 1 

mg frequencies of . to,.,ions, line in £ & ^ ^ 

lines ptoZcSf b'‘° th tSfbetween tho rot.iioS 
f- v-cu uy me two isotopic molecules by rf v /v, 


dv 


U.V m r v r 

— = —- —- = i —1_ = i _ Jti 

V u || 

* r l V r *2 

he isotopic displacement tf v is therefore given by 

c/v =z (1 — JtL ^ .. 

A* 2 


... (3) 


upon Iwo factore, ( t|- 2 Sh ° M f that ^pic effect (dv) depends 

unitj', except in the case ofvprw^lrrht ^°' v differs little from 

which expresses the cha„/e ^ g , m ? l0UUles ’ The other factor v 

state to another is a very fmlll Zantitv ^^ ^ one quantum 
E, itself is a small nn »2 it ? 1 '^ uant,t y> s V lee the rotational energy 

rotational lines will\e an a t on , Ce ’ t ^ u . lsor °l ,lc separation of pure 

for. esoapedltoct ebSSTjjlT f “»> »i« 

»g»» su’d, sep.,.,i°„„,™S i2T gh '* ““ b '“ I’™*'''' f re. 

0-1 cm -i r™ * 8 usually of the order of magnitude of 
tuent atomsIa ve fwl°- , f tanco >. the HC1 molecule, both the const 
the ordinary HC1 ul dtT' ' tt l H1 . and D *’ 0135 a "d Ci« Hen Ce 

tains four different Ltn Production of band spectrum con 

» ' N * el * C “” 6 ^ of Mtogin tor the ple'n, 2'c‘„n! 


7&6 


PHYSICS OF THE ATOM 


sidering only the isotopes of Cl, the resultant masses of the two iso 
topic molecules IPCl 85 and H 1 C1 37 can be determined as follows :— 


I 

1 

+ 

1 

= 1 + 

1 

36 

M 35 

_ m H> 


35 ~ 

35 

1 

1 

+ 

1 

= 1 + 

1 

38 

M 37 

m n 1 


37 " 

37 


dv — {1 (Mi / M?) } 


35 


36 


x 


38 


37 


= 1 - 


1330 


1332 

Expressed in wave number, 


v — 


666 


dv 


v 


606 c 666 

* 

ince the pure rotational band lies in the region of 100 f* approxi 
lately, 


• * 


d 


1 / (100 x 10' 4 ) cm." 1 

10 4 100 A1C 

—- — - = 0*16 cm. 1 

10 2 x 666 666 


The following points are worthy of note :— 

(t) Since dv j v, equal to (v 35 — v 37 ) / v 35 in the above consider¬ 
ation, is found to be a positive quantity, i.e.> v 3i j > v 37 , the lines 0 
H 1 Cl 35 will have shorter wavelengths, i.e the lines of B 2 Cl Z7 wiU & 
superposed on the longer wavelength side y as is actually observed. 

(it) From the observed isotopic separation, one can work back 

to the masses of isotopes involved; thus here we have a means 0 
measuring isotopic masses by a purely spectroscopic method ; fur ® » 
comparing the intensities of the isotopic lines, the relative abun a 
of the isotopes can also be estimated ; finally, the presence 01 _ 

isotopes can be easily detected by this method. In practice, ho we , 
the isotopic effect in pure rotation bands does Hot lend its e !lt° 
investigations by conventional methods, on account of the region 
which this type of band occurs, viz., far infra-red. 

(Hi) Microwave spectroscopy. With the development of ^ , 

wave spectrometers, in recent years, direct observation o 
pure rotation absorption spectra of molecules has become p ^ 
Further, the very high resolution and accuracy characters ic ^ 
microwave technique have made measurement of the very s g 

tional isotopic effect practical, which means that masses o. ^ ^ 

even of heavy nuclei, can be determined with great precis^ ■ 

example, in ICI, the shift in rotational frequency for © _ nbtain- 

Cl 33 and Cl 37 is only 5 per cent. With the limited resolution . c 

able hy infra-red techniques, the precision measuremen _. v0 

masses is very difficult, if not impossible. But with © 
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ne C a b r n 20 U 0 e ^ a vf°l UtO frequ “ and frequency intervals in the region 

to an a^c^afv if 0 f m P A? n H g t0 f&r infra ' red ) <»n be measured 
, y f 0 01 Me, Hence the 5 per cent isotonic shift in TPt 

whmh ^rresponds to about 1000 Me, can be measured to an accuracy 

• * 10 ’ whlch means that the mass of Cl 37 can be deter 

' nm "‘ . .twenty-thousandth of a mass unit relative to Cl 35 . 

fair Jbicom?a S com^tiSr tvin ™ icr ° Wave 8 P e <>trometer bids 
precision, on account of its relative inexpensfveSs ’ 

SeTb ZlttlTfor.*£yTZf > Thl 

matjon h-ia been ni,t • i r anaJ y® ls > etc - Already, valuable infer - 
n lias been obtained from microwave snertri fnr oil +i „ * •, 

isotopes of Li, C O Si S Pi u n in cf p ,™, ,or a11 the stable 

S^In^T li8t °f radioactive isotopL^su^has S g * %? 

by microwave 

ed with the best mass spectrographs. that obta,n - 

bodyi! gi T uZ frequeilc / % ^ any oscillating 

stant. W oc 1 U/nT i e fronnonm, J J Ii> ht. pt con- 

of the mass xu ’ • ’ . q varies inversely as the square root 

ho, ,^ as -Now > since ls °topic molecules differ in mass thev m ;n 

have different vibrational frequencies the ™», fi ' wlU 

lower frequency then that of tile ' wt Vi ’.‘ 8 

simple case of a diatomic molecule in which one of th ^ 

0 lsoto P es . if fs and * be the reduced ™.e, Jd , andT 
respective fundamental vibrational frequencies, then " *■ ' 


0 


I v «2 = (#** / Ml) 1 ' 2 


( 5 ) 


Since the vibrational frequency of the sner.tr-., l i- 
Uonal to the fundamental frequency, as seen fr^ the rZlL*™ 1 *'’ 


v = ( ™ Vx — 


m 


f * ) v 0» 

a giV6n quantum transition of vibrational energy 

i. __ 

v& 2 v o 2 \ Mi / ^ *“ (®) 

of corresp ° nding spectrai unes * 


The relative frequency difference is given bv 

V„ _ v„ 

-- = - * 2 i v ZO / n 


— = 1 


= 1 


V 



V 


• * * 


( 7 ) 
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This isotopic displacement is given by 

rfv = { 1 — (Mi / ) 1/2 } v ' - ( 8 > 

This relation (8) shows that the vibrational isotopic effect will 
be much greater than the rotational effect, since E w , on which v 
depends, is very much greater than E, (E y E r ). The value of 
can be estimated from the reduced masses fi 1 and jx 2 and the position 
of the rotation-vibration band, i.e ., the near infra-red ; it is of the 
order of 2 cm." 1 , hence about twenty times greater than the rota¬ 
tional isotopic displacement. 

Taking again the case of HC1 and considering only the isotopes 

of Cl, 

dv = { 1 - (#** / m 37 ) 1/2 } v = { 1 — (1330 / 1332) 1 / 2 } v 

= (1/1362) v 

Since the rotation-vibration band of HC1 is found in the region of 
35 fx, expressing the separation in wave numbers, 


V 

1362 


10 ^ 


3-5 


V 


2 cm. 


-i 


Thus, the theory predicts that in the case of rotation- vibration 
bands of HC1, on the low frequency side of each HC1 3 ° line there 
should be a less intense satellite due to HC1 37 about 2 cm. 1 
on the low frequency side y because HC1 37 is heavier than HC1 an 
intense , because HC1 37 molecules are less abundant than the 
molecules, the proportions being approximately 1:3, as known ro 

other sources. 


c- 


Experiment has completely confirmed these .theoretics P*f * 
tions. In 1919, Imes obtained the resolution of the HCI ro a i 

vibration bands (0 —> 1) and (0 —> 2), i.e., ivhile 

second being the overtone of the first, occurring at A == 1 ' P* , 
the first is at A = 3*5 fx. He found that the rotational lines broa 

ed on the side of low frequencies ; but the dispersion use y _ ^ 

ing low, lines separated by 2 to 4 cm. -1 or so could not e s ^rp 
solved. The explanation of this broadening of each hne w _ ^ 

independently by Loomis and Kratzer in 1920 ; they in e 5? n f the 
as the vibrational isotopic effect. The approximate separa ^ _trued 
HCI 35 and HCI 37 components in the A m v = 2 band was c t ^ 

by them as 4*5 cm. 1 , in fair agreement with the theor f^ 1 X t0 
tion. (In the theory given above, the band for^the 

= 1 was considered', which led to the value of - _ * ver ^ on e 

isotopic separation; in the experimental data,.the associa 
band is considered, for which dv will be twi6e as grea .) 

Since Imes’s first observation, great improvements m. thej^ 
red technique have been made and it is now possi © of HCI, a s 
pletely the isotopic components of the A == a 
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seen in Fig. 253, and measure their positions with great accuracy. 
The most precise measurements have been carried out in 1932, by 



Fig. 255. Rotation-vibration band of HC1 at 1*76 /* showing the 

isotopic effect of HC1 35 and HC1 37 . 

Hardy and Sutherland, using Hardy's infra-red spectrometer. The 
isotopic differences for the lines of the R branch obtained are as 
follows : — 

m r (number of line) : 2 3 4 5 6 

Separation (cm.- 1 ) : 4 04 4*03 4*03 4*21 4*21 

It is seen that the observed isotopic separation agrees very well with 
that predicted by the theory. Experiment confirms also the implica¬ 
tion of the t heory that the separation should be the same for all the 
lines belonging to the.same vibrational transition, with a further in¬ 
dication that the vibrational effect is the chief source of displace¬ 
ment. But the accuracy of the experimental method is great enough 
to give significance to the gradual increase from 4 04 to 4*21 with 
increasing m r values. This secondary effect is due to the associated 
rotational isotopic effect. For a single change in vibration there 
will be many values for the rotational frequency, increasing with 
the rotational quantum number m r ; accordingly the rotational dis¬ 
placement will get larger with higher values of m r . When this effect 
. is added to the constant vibrational displacement, the combined dis¬ 
placement increases with the higher order of the lines, so beautifully 
illustrated by the results of Hardy and Sutherland, 

O. The electronic effect . Our present knowledge of the isotopic 
effect would probably have not been so precise, if* results from elec¬ 
tronic bands have not been brought to bear upon the observations 
with the rotation-vibration bands. 

In the case of the electronic band, just as there are three types 
of transitions which give the whole band structure, so also there 
will be three different manifestations of the isotopic effect : — 

(i) The electronic isotopic effect. The electronic transition will 
e slightly different for different isotopes of one or both the atoms of 
a * H^oinic molecule. The theory of this effect has not been fully 
worked out even for the simplest of diatomic molecules. It is, how- 
^ver, obvious that the effect must be extremely small, as seen from 
the relation for electronic transition : 
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— _ 27r 2 mE 2 6 2 M / 1 l\ 

cF * M +. m ^^2 “ ^2 J 

For the isotope of mass Mi,, the relation will contain the fraction 
+ rri) and for that of mass M 2 , M 2 /(M 2 + m), m being the 
mass of the electron. Both these fractions will differ little from 
unity, so that the difference in frequency due to the two isotopes 
will be extremely small. In practice, it has proved to be outside the 
range of experimental observations. Presumably, in the electronic 
band spectra of isotopic molecules, each line has a sort of hyperfine 
structure of separation less than 0*01 cm.* 1 . 

(i?) The vibrational isotopic effect , for which the theory is tho 
same as that developed for rotation*vibration spectra. The electronic 
effect being negligible, the total isotopic effect in electronic band 
spectra will be the algebraic sum of the vibration and rotation 
isotopic effects, exactly as in the rotation-vibration bands. The 
vibrational effect, which is much larger, has been much more impor¬ 
tant in the history of band spectra. It is a constant for the lines of 
a given band, but increases linearly from band to band with the 
interval v„. 

u 

(it) The rotational isotopic effect is much smaller than the 
vibrational : hence it is usual to determine isotopic masses from a 
study of vibrational effect alone, i.e., by measuring the displacement 
of lines of small m r values, for which the rotational shift is negligible. 


The accurate theory of the isotopic effect is much more com¬ 
plicated than the simple one, given here, for the following reasons : 

(а) The subdivision of the isotopic shift into three parts is a 
convenient fiction ; in practice, terms occur which are due to the 
interaction of one type of motion with another. 

(б) The actual anharmonic feature of the vibrations has not 
been taken into consideration. 


(c) The additional moment of inertia due to the peripheral elec¬ 
trons and the contraction of molecules in the case of heavy isotopes 
have not been taken into account. 

Results obtained from the experimental study of the 
isotopic effect in band spectra. A good number of isotopic mole¬ 
cules have been studied either with rotation-vibration bands or wr 
electronic bands and the results obtained both as regards masses an 
relative abundances of isotopes agree very well with those of the mass 
spectrum analysis. 

The band spectra method is certainly a more sensitive m^phe 
than the mass spectrograph method in tho case of rare isotopes, 
very important results obtained in this field of research may be sum¬ 
marised as. follows :— 

(i) The study of rotation-vibration bands of HC1 has establish ^ 
beyond doubt tho two isotopes of Cl (35 and 37), while it has 1 


ISOTOPIC EFFECT IN MOLECULAR SPECTRA 


791 


proved the existence of Cl 39 , which was at one time considered possi¬ 
ble. We have already described the experiments of I tardy and 
Sutherland in connection with the isotopes oj Cl. Hardy* Barker 
and Dennison have been able to establish the existence of the two 
isotopes of hydrogen R l and D 2 by their researches on the rotation- 
vibration bands of HC1, in confirmatory evidence of the discovery of 
deuterium in the study of isotopic effect in atomic spectra by Urey, 
Brickwedde and Murphy (Cf. p. 551). Hardy and his collaborators 
argued that if D 2 existed in the proportion suggested by the dis¬ 
coverers, there would be an appreciable amount of D 2 C1 molecules in 
any volume of HCl and hence it should be possible to find the rota¬ 
tion-vibration bands of D 2 C1. The value of p = (p 2 /pj)i/ 2 for D 2 Ci 
and H J C1 being very large, the vibrational separation must be great. 
The position of the centre of the (1 0) band for H^Cl being 3-46 p, 

the centre of the corresponding band for D 2 C1 is readily found to be 
4 8 p. Using a cell, seven metres long, Hardy and his co-workers 
found absorption in the calculated region. The structure of the band 
and the agreement with the theoretical prediction left no doubt that 
the band was actually the (1 -> 0) - band of D 2 CI 35 . Most of the 
lines in the band'were accompanied by weak satellites due to D 2 C1 3? . 

Determining the value of/> experimentally, the mass of D 2 could be 

calculated. The final value obtained was 2 01367 ± 0 0001, in good 
agree. with Bainbridge’s mass s pectrum value, 2*01353±0-00006. 

(n) The analysis of the electronic hand spectrum has led chiefly to 
the discovery.of sev eral new rare isotopes. Sometimes, of course, 
the discovery of an isotopic spectrum has been a matter of chance, 
t * e *> instead of going out to look in a calculated position for a spect¬ 
rum of a given structure, workers found satellite bands which later 
were proved to be isotopic components. But the general method of 
procedure is to construct a theoretical expression from the principal 
band involving p, then to see whether the observed lines agree with 
t corj or not, and finally to evaluate p, as described in the investiga¬ 
tion ol Hardy and others on deuterium. Some of the interesting 

arid carb US ° bta * ned are tbose on t ^ e isotopes of oxygen, nitrogen 


Oxygen. Close to the well-known red atmospheric bands of 
° x yg en > Dieke and Babcock observed a weaker band of very much 
he same structure. Giauque and Johnston showed that these lines 
could be interpreted as due to 0»Ow the calculated isotopic shifts 
agreeing extremely well with the observed separations. There were 

nisni^i 106 T many rotafcional Knes in the 0 l8 0 16 band, as in the 
- , aaS re 3 u [ red h y the theor y of symmetrical and anti-sym- 
i: ® a .k c o°k proved also that another system of weak 

atnminT t0 . he ^\ n ba , n ^ was due t0 ° l? ° 18 - T1 ie rareness of the 
tensitv afih ra ° f ° and ' 018 V 3 naturally due to the weak in- 
0» Eng He COrres P° ndin g bands > their ratio as compared with 


O 16 : O 17 : 


1/1250 : 1/10,000 


792 


PHYSICS OF THE ATOM 


caleu 1 itfv]° aqty VG ^ V fi Ue p ’ t ^ 3e masses °f O 17 and O 18 have been 

be 17 0020 “ a r SS of 016 as 16 and they are found to 

w , x T After these results upon the oxygen bands 

theba » ds of NO, found structures 
tence of 0>" fnd 0«. Nl4 ° 18 ’ wbich thus confirmed the exis- 


}<ui*n^. t ^ r °^Kt r» tbe ^ n( ^i n g °f the bands of the oxygen 

pes m O, Naude discovered also the bands of N 15 0 16 in the 

S same system. This was confirmed by 

Herzberg from a study of the bands of 

Carbon. In the study of the so- 
called swan ( C - C ) bands. King and 
Birge discovered bands which they prov¬ 
ed to be due to C 13 C 12 . The value of p 
gives for C 13 a mass of 13 nearly, assum¬ 
ing that of C 12 as 12. The isotope C 1 * 
was also proved to be present in the 
fourth positive bands of CO and in the 

The cases cited above are just the 

Prof. G. Herzberg first fruits gathered from the interesting 

researches on the isotopic effect in band 
spectra ; they do not, bv anv means, exhaust the list of cases sfcudi- 
ed. The study of the isotopic effect, both theoretical and experi¬ 
mental. lias been extended to polyatomic molecules and interesting 
results have been obtained. 

Note : Isotopic effect in atomic spectra. The isotopic effect 
is far less clearly marked as w r ell as more complicated in principle in 
atomic spectra than in molecular spectra. There are tw T 0 ways, one 
direct and the other indirect, in which the presence of isotopes may 
show itself in atomic spectra. The direct way is the influence of the 
mtlss of the isotopic nuclei , while the indirect one is the effect of the 
spin of the nuclei 9 on the electronic transition. We shall here con¬ 
sider only the first, reserving the second to a later chapter dealing 
with nuclear spin. 

The isotopic mass effect. For the one-electron system, the 
principal spectral lines are given by Bohr’s equation .* 


// 




Mjg. 


Prof. G. Herzberg 


- _ 27T 2 EV 2 
ch z 


m M 
M + 


_ ( ' _ 

m \ n t 2 n-2 1 ) 


... ( 1 ) 


Now if the nucleus exists in two isotopic forms of masses M, and M,, 
there will be satellite lines, which can bo represented by 

2^EVy M ,m M,«» \ /J_L\ 

— _ —_ ch 3 AM, + 1,1 M 9 + in) \ n , 2 ns* / 

1 V * ~ m (M, — M 2 )C7/ M i M 2 


... (2) 


ISOTOPIC EFFECT IN MOLECULAR SPECTRA 


793 


This relation (2) can be used with accuracy only in the case of 
hydrogen and hydrogen-like atoms, e.gf., He + , Li ++ , etc. It ceases to 
a PP l y to the many-electron systems. For two and three electron 
systems, the theory has been worked out by Hughes and Eckart and 
confirmed by experiments conducted on the two isotopes of Li of 
masses 6 and 7. The theory of the effect for atoms with more than 
three electrons has not yet been established and there are a few 
observations on the lines' of neon and a few heavy atoms. The 

» « V very smah and is likely to be confused with 

that due to nuclear spin. 

The more important results obtained by the study of the 
isotopic effect in atomic spectra are i — 


(i) Discovery of deuterium by Urej’ and his co-workers, who 

a ole to obtain the isotopic components of the Balruor lines in 
the hydrogen spectrum (r/. p. 582). 

■ l ^ P Isotopic shift of spectral lines in more complicated atoms. .It. 
might be expected that with increasing atomic number the isotopic 
e ect would become smaller, since the motion ot the nucleus would 

, ec ^* T l e f* lorc a *'d more unimportant. However, it has been found 
Dy {schiiler and otl ers that even for elements of rather high atomic 
number a noticeable isotopic effect is present, which is of the same 
orc magnitude as the nuclear spin effect—a fraction of a wave 
number. In general, it is not always easy to separate the two effects, 
12 ., 180 py and nuclear spin. For this purpose, consideration of the 
intensity of the components is important, since obviously the various 
components of the isotopic structure will have intensities propor- 
lonal to the relative abundances of the corresponding isotopes. An 
unambiguous decision is possible in the cases where separate isotopes 
re available, e.g., m lead, where the isotopes of 206 and 208 are 
tamed in an almost pure state from U and Th minerals. The exis- 
. ^ ^ per ne structure in-the cases whore the nuclear spin is 

l ® a * so » good proof for the reality of the isotopic effect. Another 
... * ; " f d ! fte rentiation is by the study of the Zeeman effect. For a 
7p«™ lf,0t °Jr C . e ? ect> cach o} the individual components will show the 
nn eC i° r extra-nuclear electron quite independently of 

sain 1 " creas the hyperfine structure resulting from nuclear 

1 should show an essentially different Zeeman effect. 

/ i 

doiibW h '® fine st " icture of Li resonance line, which is not a simple 

iSarnll h « u r f to ^, e . e | c P ,ained as due to the isotopic shift of 

y ochulcr. This interpretation has been verified bv the 

nation 7 i 0 . ° f t le cor responding lines in the hyperfine structure 

E££ i h .',° h agrce ® "; el1 With the abundance ratio of the two 

nents* 08 ' U) TT'’ h ', les ofNe ’ which consists of two compo- 

20 aml o? a u tnl . >l,te<1 to tho tw > Principal isotopes of Ne of masses 
Iq . 2A.the intensity ratio agreeing with the abundance ratio 

tho ,LJ i V S , , ^ e . r ' >rCtat, . ,m VVaS further confirmed by the fact that 
After .P arat ?d ‘sotopes showed only one or the other component. 

sc ini lal attempts, it has been experimentally demonstrated 
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quencies in addition to t-nat ui ww- 
incident light. Although such an 
effect had been predicted on theo¬ 
retical grounds as early as 1923 by 
Smekal, Raman was the first to 
observe it experimentally. 

The arrangement used by 
him was simple in design. A 
round-bottomed glass flask " as 
filled with dust-free toluene or 
benzene and the liquid strong¬ 
ly illumined by the 4358 line fnaa 
arc, suitably filtered and concentrated by a lens, tne 
ght was examined by means of a spectroscope p| ace 
, t.e., in a direction at right angles to that of the inciden 
In the spectrum of the scattered light, a number of ne ' 
served bn both sides of the main line. Those on the iow 
de were more numerous and more intense than those ° J 
3 uenev side. Most of these new lines were strongly pe a 
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of the already existing frequencies were selected, whereas in the 
phenomenon under study new lines of different frequencies appeared 
even when a single frequency was scattered. 

Nor could the observed effect be assimilated to fluorescence, 
although there was a certain amount of superficial resemblance bet¬ 
ween the two. in so far as, with a given exciting line, new linos made 
their appearance in both. For, in t hor first place, the frequencies in 
th^ fluorescent spectrum were always (eas than the incident frequency, 
while the Raman lines had frequencies both greater (anti-Stokes’ 
lines) and less (Stokes’ lines) than that of the incident line. Secondly , 

5 1 i i Hcies of the fluorescent lines were really independent of 

that of thfe exciting line, provided the latter was able to produce 
fluorescence ; but in the case of the Raman lines, their frequencies 
were directly related to that of the incident light, since if the latter 
was varied the former changed at the same rate. ” 'Thirdly , while the 
frequencies of the fluorescent lines were fixed by the nature of the 
scatterer, it was the frequency shifts of the Raman lines (known also 
as Faman f requencies) that were determined by the scatterer rather 
t- ian the frequencies themselves. Fourthly , the lines observed by 
Kaman were strongly polarised unlike the lines in the fluorescent 
spec rum. Finally , the most important fact that confirmed Raman’s 
iscovery as a new effect was that the Raman frequencies were either 
actual infra-red frequencies in the absorption spectrum of the scat- 
erer or differences in such frequencies, which was not the case in 
u ores cent scattering. This fact proved further that the observed 
ertect was a molecular phenomenon. Hence, the modified frequencies 
served in the scattering process were a new tvpo of secondary radi- 
which the name Raman effect was given and was initially 
/," d - ed .f S the optlcal anal °gue of the Compton -effect, since both 

whiVh gt0 u Sa ? e cate « or y of incoherent scattering of radiation, 
can e explained only on the basis of the quantum theory. 

in Rnl!? 10 '? simultaneously with Raman, Landsberg and Mandelstam 
the efFftpf * ^ % hght scattered by certain crystals, discovered 

tanoJS C ° f 80Uds * was soon that many liquids, 

proved and tra!ls P aront ^lids exhibited the effect which thus 

provea to bo a universal phenomenon. 

T dy V The Raman effoct has bee » extensively 
these rLir,. 8 n,,n ' ber of ™rkerz. The general technique used in 
an intend 168 t0 lllum,ne tho substance under investigation with 

t^red^radfa^on* ( bv ^ r° Urce °/ b ^ bt ani ^ photograph the scat- 

direction Rut tk + u 3 ? f a P e ^f r ograph arranged in a transverse 
the substance nH ® t ? ch . nica d ,® tai ? vary accord ing to the naturo of 

b.u4"^K»°"bt r t ” «-• th » p«p°“ 

not ° rigin , al sim P le arrangement of Raman was 

hour!Tnd more tfohTin , "V lon ^po Sllr es of about hundred 
Hence imnroveme^ g0( ! d record « of the Raman spectrum. 

nee, improvements were made as regards the container of the 
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substance, the source of radiation, filter, spectrograph, etc- 


5 m 




+ 

sxaxrC: 






Fig. 25G. Apparatus for the study of Raman effect. 

The apparatus shown in Fig. 256 is the one first developed by 
Wood, and now ordinarily used in the study of the Raman effect in 
liquids. 

The container C of the liquid to be investigated, called the 
Raman, tube* consists of a glass tube of about 1 to 2 cms. in diameter 
and 10 to 15 cms. long, one end of which is drawn out into the shape 
of a horn and blackened outside to provide a suitable background, 
the other end being closed with an optically plane glass plate con¬ 
stituting the window W through which the scattered light emerges. 
The container is surrounded by a water jacket J in which cold water 
is circulated to prevent overheating of the liquid due to the proxi¬ 
mity of the exciting arc. 

An ideal source S would be light from a helium discharge tube 
filtered by nickel oxide glass, giving a strictly monochromatic line o 
wavelength 3888 A°. But on account of the many technical ditncu^ 
tics involved in the construction and manipulation of this source, i 
is not widely used. The source ordinary employed is the mer . cl “7 
arc, the next best available, from which it is possible to get sxn e 
wavelengths by the use of suitable filters. Thus, for instance, 
obtain the 4358 line, slightly acidulated quinine sulphate sola 
contained in a novial glass vessel is used as filter, which r 

the other lines except 4358 A°. To get the 4046 lin e a s< ? J* -found 
iodine in carbon tetrachloride contained ili a novial glass coil . j 

to be a very satisfactory filter. The filter solution may ea mer . 
either to surround the Raman tube or in front of the arc. , , re _ 

curv arc is placed as close to the Raman tube as possi c, T iinHrical 
suits in large intensity of the incident light. A som.^j 
aluminium reflector R enhances the intensity of illumination 

further. s , 0 f the 

The chief features of a spectrograph, suited for^tho stu J mg 

Raman spectra, are (1) large light-gathering power, P , n ^ j xl 
of high resolving power and (3) a short-focus camera. n the 

front of the piano window W directs the scattered rat 0 f 

slit of the spectrograph which is carefully aligned along The 

the Raman tube and screened from the direct rays o 
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intense Raman lines of a liquid such as 0C1 4 can be photographed in 
about an hour with a small spectrograph, but the recording of the 
complete spectrum may require up to ten or fifteen hours, depending 
largely on the intensity of the incident light, the speed of the spec¬ 
trograph and the intrinsic brilliance of the Raman lines. It may be 
noted that instruments of high resolving power such as gratings are 
not used with advantage, on account of the poor luminosit 3 r which 
necessitates long exposures. 

Certain modifications in the experimental arrangements are neces¬ 
sary for the excitation of the Raman effect in solids and gases . In the 
case of substances which are available as large and transparent solid 
blocks, like gypsum, quartz, etc., a container is not required and the 
light from the exciting arc can be directly focused on the material 
with a large condensing lens. With solids which are in the form of 
hose crystals or powder , the Raman effect can be obtained, as was 
first shown by Baer and Menzies, by reflecting light from crystal sur¬ 
faces. But special precaution has to be taken to avoid the masking 
effect due to a large amount of direct light coming out of the con¬ 
tainer by repeated reflection at the crystal faces and entering the 
spectrograph. To achieve this, two techniques have been used, one 
the use of complimentary filters as developed by Ananthakrishnan at 
the Raman laboratory and the other a special type of spectrograph 
with two parts, each part having a prism and two lenses with a & com- 
mon slit in between the two, devised by Billroth, Kohlrausch and 
Reitz in Germany. Both give very good results with crystal powders 
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Raman spectra of different substances (Bhagavantam) 

graphs obtained with benzene, carbon tetrachloride (liquids), acefr 
lene (gas), calcite and diamond (solids), given above. 1 1 is seen thi 
a number of new lines and bands, exhibiting a variety of charactei 
of intensity, width, polarisation and fine structure are recorded o 
either side of the exciting radiation. There is also some unresolve 
continuous radiation, which generally appears as wings extendm. 
slightly unsymmetrically on either side of the parent line. This con 
tinuous spectrum shows great variations in intensity with differen 
substances. Each line in the incident spectrum, if of sufficient inten 
sity, gives rise to its own set of lines or bands and associated con 
tinuous spectrum. We shall now outline the main results obtainec 
from researches made on the effect with such photographic records. 

Raman effect in liquids. About a hundred liquids, so far exa¬ 
mined, show the phenomenon in an unmistakable manner. The && 
quenev shifts of the Raman lines produced with benzene correspon 
to an infra-red wavelength 3*27 ft, in which region benzene exhibits a 
strong band in its absorption spectrum. A close examination, how¬ 
ever, of the infra-red absorption spectrum and the Raman spectrum 
of benzene shows that none of the Raman lines are represented in 
infra-red absorption and vice-versa . An interesting feature witn 
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C01 4 the triad of Stokes’ and anti-Stokes’ lines equally spaced on 
either side of the exciting 4358 line. 

With very well purified water Dadicu and Kohirausch found 
two broad bands instead of sharp lines at about A = 3/x. 

Solutions of salts in water give the Kara an spectra characteris¬ 
tic of the salts and the water. Gcnesan and Veukateswaran found 
that the bands due to water in aqueous solutions of HjSO,, HC1 and 
HN0 3 acids become sharper with increasing concentration. The 
similarities exhibited by solutions of carbonates of different metallic 
radicals and the similarity of the sulphates and nitrates appear to 

support the view that the characteristic frequencies are those oi the 
ionised acid radical. 


Raman effect in gases. The Raman spectrum of HC1 gas 
obtained by Wood and those of CO and CO s bv Rasetti were the first 
observations made with gases. Then many ether gases such as hy¬ 
drogen, oxygen, nitrogen, ammonia, NO, N 2 0, CS 2 ,ete., were studied. 
The frequency shift of the Raman line of MCI gas corresponds to 
A -= 3-406/x, which is almost exactly the wavelength of the central 
missing line of tha infra-red absorption band of li( i. Carbon mon¬ 
oxide gives a Raman line whose frequency shift is equal to the fre¬ 
quency of its infra-red hand, while CO., gives a line whose shift is 
equal to the frequency difference of two of its infra-red bands. 



Oxygen, hydrogen and nitrogen give a pattern of 
lines. The intensities of the individual lines alternate 
nitrogen and hydrogen, 

while with oxygen the T 7" .- rr . 

alternate lines are [ y 

absent, as seen in the if fF'TFIT rtlPTft'TT 

adjacent figure, where | Hflliffl 

the Raman spectra of 

oxygen and nitrogen, ; 1 ill | || 

obtained by Rasetti, | B1|||11 

are reproduced. These m 11111111 

peculiarities in inten- f 

8 by oi alternate lines Idll 

have led to Infl 

ncant eon el unions win 

regards molecular struc- w HIbK 

McLennan carried out f ■ dllll 11 1| llllll[ 4 ) 1 ! 

a series of exnenWnt.* 


in tile case of 


an enect mman Bnect in oxygen unci nitrogen (HaseHi) 

ygen, nitrogen, hydrogen and nitrous oxide. His re- 
u ( oxygen suggested that the normal inode of vibration 
ie is the one involved in the production of the four 
> server , while those for liquid hydrogen supported the 
rogen at low temperatures must be regarded as a mix- 
stinct types of molecules known as the para and ortho 
ne Raman spectrum of C0 2 which is similar to that of 
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oxygen indicates a symmetric structure for its molecule, while that of 
!N 2 0 where there is no alternation in intensity of the lines suggests an 
unsym metric molecular structure. Rasetti has observed a Hainan 
line with NO whose frequency shift is 121 cm.' 1 , which has been 
classified as having an electronic origin. 

Raman effect in solids. On account of the numerous ex¬ 
perimental difficulties, comparatively a few solids only have been 
studied so far. Mandelstam, Landsberg, Baer and Menzies were the 
pioneer workers in this branch of Raman effect Other investigators 
were Schaefer, Matossi and Aderhold, Miss Osborne, Cabannes and 
Canals, Nedungadi and Bhagavantam. The substances analysed are 
gypsum, quartz, calcite, sodium nitrate, potassium nitrate, ammo¬ 
nium phosphate, ammonium chloride, diamond and a few others. The 
Raman linos obtained with crystals are sharp, becoming diffuse with 
rise of temperature. In calcite (CaC0 3 ) two lines which are ne<irest to 
the parent line have been definitely identified with the oscillations of 
the crystal lattice, while the others are due to the vibrations of the 
CO 3 groups. With g}^psum (CaS0 4 , 2H 2 0) which contains two mole¬ 
cules of water of crystallisation, Krishnan found, in addition to the 
wavelengths which could be attributed to the S0 4 radical, three sharp 
lines at A — 2 8 ^-, 2-9/x and 30/*, which are evidently due to the 
water of crystallisation and are practically in the same position as 
the components of the band observed with water. Diamond exhibits 
a strong and sharp line of a comparatively large frequency shift, 
which has to be ascribed to a lattice oscillation. * In solid benzene, 
th'e intense continuous spectrum Obtained with liquid benzene is 
replaced by bands. 

Intensity of Raman lines. The experimental determination 
of the intensit 3 r of Raman line is beset with many difficulties on 
account of their extreme weakness. The intensity of a .Raman line, 
when expressed as a fraction of the parent line, is usually a few hun¬ 
dredths in liquids and a few thousandths in gases. No accurate data 
are available as regards the absolute intensities of Raman lines- in 
liquids or gases. More reliable results are obtained in the determi¬ 
nation of relative intensities of a given set of Raman lines excited 
by a given parent line. To obtain good results, photographic plates 
which have great and uniform sensitivity in the region of investiga¬ 
tion should be used. The densities obtained fur the lines under com¬ 
parison are measured with a microphotometer. On each plate, a set 
of calibration spectra are recorded, with the help of which density 
curves for each wavelength can be drawn, and the intensities corres¬ 
ponding to any density can be obtained from such curves. The 
measured intensities should be corrected for various causes of error, 
such as absorption in the body of the substance in the Raman tube, 
the oblique refraction at the prism surfaces in the spectrograph, etc. 

In spite of the numerous experimental difficulties, results of 
fundamental importance have been obtained. Very faint Raman 
lines as well as very intense ones are met with, e.g. r the band in 
NaCl recorded by Rasetti and the anti-Stokes* line in diamond o 


RAMAN EFFECT 


801 


tained by Bhagavantam are very faint, while the principal Raman 
line of diamond at 1332 and the line in benzene having a frequency 
shift of 992 are very intense. S’hese variations in intensity as we 
pass from line to line and from substance to substance are of great 
significance in the study of molecular structure and chemical consti¬ 
tution. 

Since the intensity of scattering increases with the fourth power 
of the frequency, it is advantageous to use, where the absorption^ of 
the substance under investigation permits, light of as short a wave¬ 
length as possible. Hence the ultra-violet mefcury resonance line 
2537 A° is often used. The Stokes’lines are always more intense 
than the corresponding anti-Stokes’ lines. The anti-Stokes’ lines 
grow more intense and, in addition, all the Raman lines move inward 
towards the parent line as the temperature is increased. 

Polarisation of Raman lines. Just as the Raman lines vary 
greatly in their intensities, so also their states of polarisation. The 
fact that different lines are differently polarised is probably connec¬ 
ted with their relative intensity. 

V „ 

The experimental arrangement used for determining the polari¬ 
sation of Raman lines is essentially the same as that described on 
page 796 but with the following modifications. Tho light from the 
source is concentrated by means of a condenser into the substance 
contained in the Raman tube. A suitably oriented double image 
prism whose function is to separate the vertical and horizontal' com¬ 
ponents in the scattered light is placed in front of the slit of the 
spectrograph, so that two images, one above the other, are formed on 
the slit, which are simultaneously photographed. 

The state of polarisation of a Raman line is measured by a 
quantity known as the depolarisation factor which is simply the ratio 
of the intensities of the horizontal and vertical components when the 
incident light is vertically polarised. This ratio is readily obtained 
from the traces photographed as described above, by one of the usual 
methods employed for comparing the intensities of two beams of the 
same wavelength. In order to get fairly accurate values of the de¬ 
polarisation factor, the following precautions should be taken : (t) 
‘crystalline quartz should not be used for condenser, spectrographs 
or windows, since its optical activity complicates the phenomenon of 
polarisation ; (ii) the window of the Raman tube through which the 
scattered light emerges should be strain-free and plane, (m) errors 
arising from oblique refraction at the prism surfaces, want of trans- 
versality in the incident beam and slit width should be eliminated. 

Cabannes found that the Raman lines in crystals, such as 

quartz, are differently polarised, the intensity and depolarisation of 

the lines depending upon the orientation of the crystal. Menzies has 

investigated the polarisation of the Raman lines in liquids, such as 

A it in directions perpendicular and obliquely forward to the inci- 

< ent beam and has shown that many of the observed facts could be 

accounted for by considering the initial and final directions of vibra 
51 
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tions in the molecule involved to be parallel in the case of polarised 
lines, perpendicular in that of unpolarised lines and at an oblique 
angle for partially polarised lines.- The following are some of the 
important results obtained :— 1 

(а) The depolarisation factor varies from 0 to 0*86 for the vibra¬ 
tional Raman lines, while it has a constant value of 086 for the ro¬ 
tational lines. 

(б) With circularly polarised incident light, part of the Raman 
line is circularly polarised in the reverse direction and part circularly 
polarised in the same direction as that of the incident light. Highly 
depolarised rotational lines exhibit reverse circular polarisation. 

(c) Sharp and strong lines are ordinarily characterised by low 
depolarisation factors, while diffuse and weak ones by high depolari¬ 
sation factors. 

((f) Corresponding lines in molecules having similar structures 
have nearly the same depolarisation factors. This is to be expecte 
as the polarisation of a Raman line is mainly decided by the sym¬ 
metry of the oscillation. 

Nature of the Raman effect. From the many and varied ex¬ 
perimental data, it is clear that the Raman effect is a molecular phe¬ 
nomenon. In the case of free molecules scattering light, three i e 
rent kinds of Raman effect can therefore be distinguished, viz., ro 
tational effect, a vibrational effect and an electronic effect. A mixe 
'‘rotation-vibration” effect can also take place under certain *j*5 c ^*? 
stances. Solids can exhibit yet another type of Raman enec i 
which the crystal lattice as a whole takes the place of the molecule^ 

Since the rotational energies involved are small relative to l 0 
vibrational energies, the pure rotational Raman lines lie correspo - 
inclv closer to the parent line and are often masked by the mi , 
light of the parent line on the photographic plate. They ar ® 0 , JJ* n 
separately only in the case of certain light gases, such as y. & > 

deuterium, oxygen, nitrogen, etc. In heavier gases, the lines 
much closer and instruments of greater resolving power are r q 

to separate them. . or 

Most of the observed Raman lines and bands with mo e 
large frequency shifts are due to the vibrational effect correspond- 
ing g to variousnormal modes of vibration of the molecule or the 
crystal lattice. The fainter lines may be due partly to ovortone 
combination tones. The lines arising from an oscillating r ^ 
lattice are characteristic of only the solid state and are P 

in liquids or gases. i ag 

Raman lines due to the electronic effect are rarely observ > 

in the single case of NO obtained by Rasetti. nre- 

Analysis of the continuous spectrum under high dls P er ®* . it9 
veals that it cannot be separated from the parent line: ^ 

intensity is maximum near the parent line. Although it aTW >min 
decide upon the exact nature and origin of the continuo P® 
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K thesoUd . T 2, P i r *““Sl*‘c.d i?b™S sz7 h i d r M r' 

molecule. In certain cases the broad bands ih^ ™ tatl °" of the 

■Sr‘hS;" m h *” ■>“" “cntihed With the 

spectreT. la The rototSaSd absor P ,iu “ 

semble the far infra-red and n^n • ?' ^ ma t n spectra closety re- 
molecules respectively. Further in m in ^ ra ‘ rec * absorption spectra of 
are equal either to the actual infra i ?aSeS tiie ^ aman frequencies 
spectrum of the scatterer ot to tlm iff frequenci ? °f *• absorption 
But there seems to be little or n< ffere ! lc ® s of su ch frequencies. 

intensities of the Raman “Ls ^i‘ W6 “ tte 

ponding infra-red bands. In addition w e »i’ l l, ,es l,l . e c °rres- 
their corresponding infra-red hand* ’ I10t n a l ® aman lines have 

corresponding Raman lines Thn ti* nor a mfra-red bands their 

benzene andtoluenew^* fj. he ^° St in ^nse Raman lines in 
pectively, have r^rres^n^^ “ T ^ ^ l0 ' 2 ^ res ' 
other hand, the intense absorption ba,uU° ' f n , fra ' red bands - On the 

Raman lines. Raman line EL[ T 0 i^ n ° corr esponding 

infra-red transitions which ire f i vi°i bee , n observe<1 corresponding to 
the case of HC1 gas! already^ ^ ^ the SC ' CCtion rules > in 

vides a very valuable complement tn tK sucb cas ® s > Raman effect pro¬ 
spectra in the detection of energy levels 5S2 B , g*- Wd absor P t ^ 

in relation with band Spectra leads^ to ^?® ld ® ratl01 } of Raman spectra 

elusion : Although, the ultimate result, asfar as 'th? lm , P ° r * ant con ‘ 
certied, is the same in both cases net th* 7 ' ^ ™olecyle ts con - 

“* -re d g r „, in ,ktZrlt% t °£- ,im and 

tion of the Raman effect as follows VPhlna t l imperfecfc e *P la na- 

latingelectric dipole Imlt S’!!!” ? “ the “pleculean oscil- 

formability or polarisability of the w . hero a ls . ca Bed the de- 

moment, in general, has a different direction induced di P°le 

trie vector, chiefly in the case of ania^t- “ f P m tb e exciting elec- 
then behaves like a Hertzian o^rill ♦ ° pi ° molecules. The molecule 
form of electromagnetic waves of f ° r an< ^ rad i ates energy in the 

pose that some kin<f of mechanism i ^ e .1 u p nc y v o- If we now sup- 

such as its rotation or vThmto ' ^it If IC in the mol ^ule itself 
wave periodically with a frSuencv t ° f the emi **ed 

wh- U u t0r at any >nstant is given bv a F ‘‘ ele ( etr i° moment of the 
hich may be written as y o cos -^v 0 t cos (2 nvt -(- 8) 

0 v. It part of the mduced moment js . 
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not affected by' the internal state of the molecule, the incident fre¬ 
quency v 0 also will be present in the scattered light. Thus the appear¬ 
ance of lines with frequencies v 0 (parent line), v 0 + v (anti-Stokes') 
and v 0 — v (Stokes’) in the Raman effect is accounted for. Owing 
to the presence of the phase factor S, which varies arbitrarily from 
molecule to molecule, the three vibrations of the dipole moment and 
consequently the three frequencies in the scattered light are inco¬ 
herent. 


But this classical explanation is defective and incomplete in 
several respects. First of all, it has been assumed that the vibration 
or rotation of the molecule is essential to the mechanism of Raman 
scattering. But it can be shown, using Boltzmann’s law that mole¬ 
cules which are intrinsically in a state of vibration are very few at 
ordinary temperatures, their number decreasing rapidly at high fre¬ 
quencies. From this it would follow tiiat the majority of the mole¬ 
cules in a scatterer does not contribute to-the production of Raman 
lines. Such a conclusion is contradicted by the observed intense 
Raman lines of large frequency shifts. Secondly, according to the 
classical theory, since both tfye Stokes’ and anti-Stokes’ lines arise 
apparently from the same molecule, they must have the same inten¬ 
sity, which is not true to facts, since the Stokes’ lines arc 
much more intense than the corresponding anti-Stokes lines. Thir 
iy, no quantisation of the rotational energy is contemplated in t 
proposed theory, which means that there is no possibility of < ^" cu a 
ting separately the intensities of the individual rotational 
lines. Thus the special features met with in the intensities ol 
Raman lines find no adequate solution in the classical theory * 


A simple but more satisfactory / explanation based 
theory of radiation was put forward bv Prof. .Smekal in 1 »-“«*• " 
solved the problem of intensities as well. 

According to the quantum theory a beam of 
light of frequency v 0 lias its energy distributed m small bu 

quanta, each of energy *v 0 . When such a light quantum I TJ|0 
hits a molecule of the scatterer, three things mtgM IPLrbingit* 

molecule might merely deviate the photon withou - fd linf 
energy which would result in the appearance of the unm J ^ 
ill the scattered beam. The molecule might, on _ • „ rise to the 

absorb part of t he energy of the incident photon givnig ^ than 
modified Stokes' tine, whose frequency would evident y , no le- 

that of the inc ident radiation. Tt may a .so happen ' intr insic 
oule, itself being in an excited state, imparts anti-8t°* es 

energv to the incident photon and this would produce tl 
line, of frequency greater than that of the incident rac la • 

The mechanism of Hainan scattering can therefore be »n 
cally expressed as follows :— hoton 

Treating the phenomenon as a collision between 0 f 

and the molecule and applying the principle of 
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energy, we may write 

E^ + 1 / 2 mv 1 + Av 0 = Eg +• */ 2 nn;' 2 -f 7*V 


... (i) 


where E^ and E„ are the intrinsic energies of the molecule before and 
after collision respectively, m the mass of the molecule, v and v' its 
velocities before and after impact, v 0 and v' the frequencies of the 
incident and scattered photon. 

As the collision does not cause any appreciable change of tem¬ 
perature, we may assume that the kinetic energy of the molecule re¬ 
mains practically unaltered in the process and hence simplify the 
above relation as 

E^ + /iv 0 — 'Eg + hv* 
h ('/ — v 0 ) = E p — E q 

E>p - [*Jg 

h 


Or 


v ' — v 0 + 


... ( 2 ) 


In this expression, if E p = Eg,v' = v 0 , which represents the unmodi¬ 
fied line ; ifE^ < E^ v' < v 0 , referring to Stokes’ line and finally, 
if E^ > Eg, v > v 0 , which corresponds to the anti-Stokes’ line. Thus 
the fundamental feature of the Raman effect is accounted for. 

Considering the molecule involved in the process, since the same 
property of possessing energy in quanta appears in molecules and 
atoms, as we have already seen, we may apply quantum principles to 
the change in the intrinsic energy of the molecule and write : 

... (3) 


E 


E 


nhv 


where n — 1; 2, 3, etc., and v CT the characteristic frequency of the 
molecule. J 

Hence equation (2) reduces, in the simplest case of n = 1, to : 

v ' = v 0 ± v m ... (4) 

This expression shows that the difference in frequency ( v „ — v') bet- 
ween the incident and scattered lines in the Raman effect corresponds 
» e requency v m characteristic of the molecule which thus verifies 

. i .. . i • IT" . . u ^ ^ viz., that the Raman lines are 

jmmetncally situated on either side of the parent line at intervals 

henPA P t°'V ' n ® r° the , ch jracteristic frequency of the molecule and 
nence to the infra-red absorption lines of the scatterer. 

tha , ( u Umi, i g n ! >w the question of intensities of the lines, we know 

series^of T ° f a ma , terial medium aro distributed among a 

statunf.? state ® of energies E„ E 2 , E 3 ... Assuming that the 

state?!#' i <ilstribut * on of fch e molecules in these different quantum 

in th! l g ? VPr , ne< by B “ ltzmaun ’ s law, the number of molecules N. 
in the particular state E fi is given by * 

Nj> = C N e" E,,/iT — (5) 

statistical * 8 , a constant, N the total number of molecules, a. the 
statistical weight of the state and ft the Boltzmann’s constant One 
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can draw from this expression the following conclusions as regards 
the relative intensities of the Raman lines :_ 


(a) The Stokes lines should be more intense tlian the correspon¬ 
ding anti-Stokes lines. For, the former are caused bv molecules of 
1 o c n \ T u 1 u e a nd hence are more numerous than those of higher 

energy. In fact, the smaller the value of E, the larger the value of 

-E IkT . p 

e p and in consequence the greater the number Nj. Thus, 

statistical distribution results in the Stokes’* transitions being more 

frequent than the anti-Stokes’, which means that the Stokes’ lines 

will be more intense than the anti-Stokes’ lines as experimentally 

observed. 


(6) The intensity of the anti-Stokes’ lines should increase as the 
temperature is raised. For they are produced by molecules which are 
of high energy value and will be comparatively few at ordinary tem¬ 
peratures. But, with increase of temperature the kinetic energy of 
molecules increases and more molecules will be raised to higher 
energy states by inelastic collisions. Referring in equation (5) to 
the molecules in higher energy states, we see that their relative num¬ 
ber will increase with rise of temperature, since as T increases the 

_ E Ik T 

value of e p becomes greater. With the increase in the number 
of high energy molecules, that of low energy molecules will correspon¬ 
dingly diminish. 


Thus the quantum picture of the Raman scattering, explains 
adequately most of the experimentally observed characteristics, in¬ 
cluding the intensity, of the Raman lines. It has a further advant¬ 
age of fitting the Raman effect into the same picture as several other 
phenomena connected with the interaction between radiation and 
matter. In fact, from this point of view the Raman effect can be 
treated as the optical analogue of the Compton effect. The two 
effects resemble one another in the fact that there is partial absorp¬ 
tion of the photon in both cases of scattering. They differ, however, 
in the result produced : in the Compton effect the atom is ionised so 
that after the process not only a photon of altered frequency but a so 
an electron leaves the atom, while in the Raman effect the molecu e 
is merely excited, due evidently to the lower energ} 7 content of t e 
incident photon and a radiation of altered frequency alone emerges 
from the process without any electron leaving the molecule. 


m 




The quantum theory interpretation of the Raman effect, t 
sound and satisfactory as far as it goes, yet is found to be too SU ?P 
as it does not cover other complicated features of the actually o 
ved effect, such as the discrepancy between the Raman and in ra 

absorption spectra, t.e., want of correlation between the TlVinnal 
different conditions that determine the appearance of the to a 
Raman lines alone, or the vibrational Raman lines alone, or . 
^J^ether, etc. 
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hern !^ ore ^° m P lete theory has been proposed 

J2 1 " fth * ph«nome„on 61 

rt ^925) from the point of view of the 

perime 0 d nd r Ce tK PrinCip,e and ' ,ater (1927) 

nics Ac b / - th u U8e J of quantum mecha- 

book to LI. ,8 -.u e - VO u nd the sc °P e of this 
theorv i i ' tbis rat, ber complicated 

caff' 0 fZ ! ng “ * d0PS> the difficult 
with'LL T^r* We 8ha11 rest intent 

arrived at in 1 *• un P ortailt ' conclusions 
ConlwoL’ reiat, ,° n to tlie Ra ™n effect. 
tato r(l g . 3 “ 0l f ul ° ir » quantum 

wave offreoueniv ati ° n due to a ^ 

-" Ure 9 uenc y v g |v es rise to harmonic 


3ft 

corresponding transit^ 8 **^ i° f th ° system and the ] 
to state l. 8 ‘ion o. the scattering molecule from 


equencj' 
state k 


z* '."Ik »m:‘s , «io„T;L‘T:* ted with •*”> 

the amplitude of theta* the electnc sector of the light wave 

and hence the 2^®^ TT*l COm P° nent **«• in the electric moment 

t0 . intensity I of the scattered radiation is proportional 


£r dir d kf J —- ^ - 1_ __ ^ _ "J 

expression is tTatlrdoL^o^conta' Th 6 8pe £ ial feat> “ re of the*above 

(k i h aoes not contam the probability of the transition 

T* 4 ^ ^/^ed^orZVnfnlrt 3ekction . Tules tkat govern the Raman 
for °b servi a tranSn of fhe W di ff^ent. The condition 

Jate l as a t ama an , ^ ^ h f e “°‘ 8CU e from a state k to another 

«n direct absorption ore3 on ^?v tranaition (* ^ 0 should occur 

(o * with ^ 1 8tat6S Sh0u,d combrn^ith a m thrrd a ^ t 0) 1 Ut that b ° th 

,f the selftn^ ordinary absorption or ©mission ( ^ 

for + 86 . c . tl °n rule that holds for inA.« e ° ais ® , °n* In other words, 

ra '» ^rn.» g, J, en .*? A J - ± 1. «>» th.' 

g en by = 0 or + 2 P Fr«n««^ the tran sit'on (k -»• l) is 

and ?? rr ® 9 P° n ds to a definite line in* tho*^’ althou S h « vei 7 Raman 
nd the'frequency of a Raman i; m 4 , 8 P ectrum of the moleoule 

»«® between the frequencies oft™ 1 ^“ be COD8idered as the differ ’ 

quencies of two Imes, one of which must be an 
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absorption line, yet the intensities in the two cases may be quite 
different. 


The reason for this difference in the two phenomena is to be 
traced, ultimately, to the different conditions that are required in the 
two cases. In the direct absorption effect, the presence of an electric 
moment or an alteration in that moment is essential, while in the 
Raman effect other factors like optical anisotropy, alteration of the 
mean polarisability or mean refractivity of the molecule, prevail. 


Thus a rotational Raman line occurs only when the molecule in¬ 
volved is optically anisotropic, its intensity being the greater, the 
greater the anisotropy. Hence it is that electrically non-polar but 
optically anisotropic molecules like H 2 , 0 2 , N 2 , etc., give rise to 
pure rotational Raman lines, while they have no corresponding far 
infra-red absorption lines. A vibrational Raman line occurs when the 
mode of oscillation involved causes a change in the mean polarisabi¬ 
lity of the molecule, its intensity being greater, the greater the above 
mentioned change. This is why molecules like C0 2 , CS 2 , N0 3 , etc., 
in which symmetric oscillations occur, cause no change in electric 
moment, but on account of the large variation in the mean polarisa- 
biliiy involved, give rise to intense vibrational Raman lines which do 
not correspond to any infra-red absorption lines. Rasetti, studying 
the Raman effect in nitrogen and oxygen has succeeded in verify¬ 
ing the selection rule aJ = 0, ± 2. Similarly the analysis of the 
Raman spectra of HCi gas by Wood and Dieke has led to the same 
conclusion as regards the selection rules involved in the origin of 
Raman lines. 


If may be noted that the theoretical values obtained for the re¬ 
lative intensities of the individual Raman lines as well as for their 
depolarisation factors have also been proved to be in good agreement 
with experimental results. 


Importance of the Raman effect. Over and above the 
great theoretical interest attached to it as a further confirmation o 
the quantum theory of radiation, the Raman effect is of immense 
practical importance on account of its many useful applications in 
Physics and Chemistry. The universal nature of the phenomenon, . 
relative simplicity of the experimental technique as compared _ 
that of infra-red measurements, the ease with which the effec o a 
be controlled, making it appear as a part of the visible s P ec 7^* C g 
which can be chosen at will (its position depending only on fchec 
of the incident frequency) and the complementary character o:i 
spectra obtained with reference to those of infra-red absorp ion _ 
former containing lines which are forbidden in the latter) ma e 
Raman effect a very convenient and powerful tool of researc i ^ 
blerns concerning the intimate structure of matter, chiefly as 8» 
the constitution of molecules, their number, arrangement an come 
in gaseous, liquid and solid states. We shall here summaris .. 

of the important applications which have led to sure and sign 
results. 
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APPLICATIONS OF THE RAMAN EFFECT IN PHYSICS 

(t) Molecular structure. The Raman effect has been put to 
very great use in the study of the structure of molecules. Raman 
spectra are, in general t determined by those factors which affect most 
the nature of vibration, viz. t the number of atoms in the molecule, 
the masses ol the atoms and the strength of the chemical bonds bet¬ 
ween the atoms. 

Taking a diatomic molecule, its natural frequency of vibration is 

given by v 0 = ( 1/2tc) \/ p/p, where V is the restoring force per unit 
displacemeni and f* the resultant mass. This means that (a) there is 
only one vibration frequency in diatomic molecules, (6) a molecule 
containing light atoms should have a higher frequency than one con¬ 
taining heavier atoms and (c) a molecule in which the force binding 
the atoms is great should have higher characteristic frequency than 
one in which the force is weak. This force depends on the nature 
and strength of the inter-atomic bonds. Thus a diatomic molecule 
with a double bond should have a higher frequency than one contain¬ 
ing only a single bond. The Raman lines are also expected to appear 
with great intensity when the bond is of the covalent type (homo- 
polar or electrically non-poiar molecules) while the reverse is the case 
when the bond is of the electrovalent type (polar or hoteropolar 
molecules). The reason for this is to be found in the fact that the 
Raman lines essentially depend upon the symmetry of the molecules 
and the extent to which the polarisability is affected by the oscilla¬ 
tions. In covalent molecules the. binding electrons remain common 
to t e nuclei, so that the polarisability of the molecule is consider- 
a ,.£ ^^ified by nuclear oscillations and this variation in polaris- 
v * r * se Raman lines. In electrovalent molecules the 

m mg electrons definitely change over from one nucleus to the 
^ ^ formation of the molecule so that the polarisability of 
_ e molecule is little affected by nuclear oscillations, which means no 
Kaman lines will occur. 

Considering 'polyatomic molecules which are constituted by more 
an two atoms, the Raman spectra will naturally be much more 
complex. First of all, more than one characteristic frequency is to 

>e , ex P ec ^ e< ^ e -9-i triatomic molecules will, in general, have three 
sue frequencies. Secondly, the arrangement of atoms, such as 
symmetrical or unsymmetrical, linear or non-linear svmmetry,etc., is 
an additional factor by which the intensity of the Raman lines is 
essentially determined. Hence, from the number and intensity of 
e observed lines in the Raman effect, in conjunction with infra-red 
a a, it is possible to draw important conclusions about molecular 
s ructure. Theory leads to the following important rule, known as 
e rule of mutual exclusion. For molecules with a centre of sym- 
metry, transitions that are allowed in the infra-red are forbidden in 
t e Raman spectrum and vice versa. This rule implies that for 
molecules without a centre of symmetry there are transitions that 
can occufc both in the infra-red and the Raman effect. It does not, 
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however, imply that all transitions that 
occur in the other. For, some transitions 


are forbidden in one must 
may be forbidden in both. 


TJie following examples may serve to illustrate these remarks. 


®*®*°™* c ra'a jecules. l< '' olne °f the diatomic molecules studied 
. ® 2 , i N s ’ P 2 ’ HCI > HBrand HI. The first four are homonuc- 
ti-i ^i 0 ? CU e °’ i 6 ’ const ituted with identical atoms, while the last 

Tn !n° nUC ea [ molecules > *■«-, made up of non-identical atoms. 

. • t {i GS „ e cas< l® there 1S 011 ly vibration frequency and its value 

aman spectra is given below. The restoring force 

Llof * dls P lace ™ ent each case, calculated with the help of the 
relation v 0 — (1/2 n) v f/i*, is also given. 



h 2 

- _ 

d 2 

1 -n 

n 2 

-- 

0 2 

1 

HCl 

HBr 

HI 1 

V„ (cm.- 1 ) 

4150 

2993 

« 

2331 

1556 

2880 

2558 

2233 J 

F x 10 5 

5*1 

5-3 

, 

22-4 | 

11*4 

4*8 

3*8 , 

2 9 


It is readily seen from such a tabulation that (1) the heavier 
le molecule the lower is the vibration frequency and (2) the values 
° i which is a measure of the binding strength, may be roughly 
classified in the ratio of 3 : 2 : 1, thereby indicating the existence of 

ree different types of bonds, triple, double and single, between the 
atoms in the molecule. 


Traatomic molecules. Among the several triatomic mole¬ 
cules analysed, we shall consider here only three, viz., C0 2 , N 2 0 and 

EUO as typical cases illustrating some special points of interest in 
molecular structure. 


Carbon dioxide (C0 2 ) is one of the most frequently'’ and 
thoroughly studied molecules. It has two very strong bands in its- 
infra-red absorption spectrum at 668 and 2349 cm,- 1 , while only one 
strong band in its Raman spectrum at 1389 cm. -1 . As none of these 
occurs both in tho Raman and infra-red spectrum, it follows from the 
rule of mutual exclusion that the molecule of C0 2 must have a centre 
of symmetry. For triatomic molecules this implies that tho molecule 
is linear and symmetric. Hence the molecular structure of C0 2 is 
O—C—O. This symmetric structure is confirmed by the rotational 
Raman spectrum of C0 2 , which consists only of alternate (odd) levels, 
like that of 0 2 . The three bands stated above, two in the infra-red 
spectrum and one in the Raman spectrum, represent the three funda¬ 
mental frequencies of C0 2 . Carbon disulphide (CS 2 ) also belongs to- 
this class. 

Nitrous oxide (N a O). This molecule has the same number of 
e eetrons as C0 2 and one might therefore expect it to have a linear 
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symmetric structure. But analysis of the infra-red and Raman spec¬ 
tra of NaO shows clearly that this molecule, although linear, is not 
symmetrical. The three fundamental frequencies of K 2 0 are 2224 , 
1285 and 539 cm.* 1 . All the three appear in the infra-red absorption 
and two of them, viz ., 2224 and 1285, appear in the Raman spectrum. 
589 has, however, not been recorded, due to weak intensity. At any. 
rate, the two Raman lines appear also in the infra-red, which argues 
to the absence of the centre of symmetry in the molecule. For, if 
there was a centre of symmetry, only one fundamental should appear 
in the Raman spectrum and this fundamental should not appear in 
the infra-red, according to the rule of mutual exclusion. Hence the 
molecule has the unsymmetrical structure N — N — 0. This conclu- 
• is confirmed by the rotational Raman spectrum of N 2 0, which 
consists oi >oth (odd and even) sets of iines without anv alternation 

in intensity. Other molecules of this type are HCN, CICN, BrCN, 
ICN, etc. 



Water (H 2 0) 


The observation of a strong pure rotational 
spectrum and its structure, as well as that of the rotation-vibration 
spectrum lead unambiguously to the 
conclusion that H,0, though sym- 
metrical, is not 1 inftAT Vint ViAnf 


is not linear but bent (Fig. 

257). According to theory, all triato- 120 

mic molecules of bent symmetrical U' 
structure should give rise to three " 

Raman lines all of which are represent- Fig- 257. 

*2 j n i^2 ed spectrum. There are two very strong bands 

an u uf ° m 1 !. n , i n ^ ra ' re ^ absorption spectrum, which 
• n 7® ry Probably two of the three fundamental frequencies. There 
also evidence to show that the bend in the system is 120°. In the 
Kaman spectrum two frequencies have been recorded at 1665 and 

Th«L v' ’ Wh ,V£ c ? rreSp ° nd rou S hl y with the infra-red frequencies, 
ihere is some difficulty in recording the Raman lines of H 2 0 which 

?i*htT y , ’ due evidently to the fact that the moments’ of the 
JhiKt ? drogen atoms do not cau ®e appreciable variation in the polari- 

bSlLT 1 ' , WatC • g ‘7 eS other extra bands which have to 

and H R ^ polymerised molecules-(H 2 0) 2 and (H 2 0) 3 . D 2 0, S 2 0 

na Jl a b have similar-bent symmetrical structure 


abl M J hu ! th ? st .u d yof Raman spectra of different substances en- 
Dles one to classify them according to their molecular structure. 

stat* ?? Nat l Ure ° 1 f , the , U ^ uid state - Considering the gaseous 
state, it can bo readily shown that the translatory motions of the 

accorde. 68 are suchthat the Rayleigh scattering will be spread out in 

state RriiJ h ®f. axwe11 ,! ,aw - Cn the other hand, for the solid 

snlMK U ’ disregardin 8 molecular structure and replacing the 

morons a ft h v °“°g en cou8 elastic continuum, so that the translftory 

the Z Jli y - be resoled into a system of elastic waves traversing 

the scarJ m 2 n , a b d * rect ' one * arrived at an expression showing that 

nents S- ' ght ahoU ? d mer , el y C0nsi8t of two displaced compo¬ 
nents depending upon the velocity of the waves and the angleof 
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scattering. Now, as regards the intermediate liquid state, Raman 
and Ragavendra Rao, in their study of the Raman spectra of a num¬ 
ber of liquids, found that while Rrillouin’s theory was verified, a 
central line brighter than the displaced components was seen. With 
increase of temperature the central line grew in intensity at the ex¬ 
pense of the neighbouring Brillouin components which themselves 
broadened out and tended to merge into the central line. The two 
Brillouin components were found to be completely polarised in trans¬ 
verse scattering, while the central line was also nearly fully polarised 
in non-polar liquids. In strongly associated liquids, like formic acid, 
the central line showed appreciable depolarisation, while in viscous 
liquids the Brillouin components were faint. 

The experimental finding of the Brillouin components is charac¬ 
teristic of the elastic continuous medium. The presence of the cen¬ 
tral line, however, which is not to bo expected in Brillouin’s theory, 
can be accounted for solely on the basis of random t 3 r pe of move¬ 
ments, as in a gas. The central component is always brighter and 
this readily follows from the fact that gaseous Ra3 r leigh scattering is 
always much more intense than the corresponding scattering from 
liquids or solids. The relative intensities of the central and Brillouin 
components vary from liquid to liquid and this ma 3 r be taken to 
show how the thermal energy is shared between the two types in 
each liquid. The observations of Raman spectra have thus led to 
an important conclusion regarding the liquid state, viz., that it is 
characterised by both types of thermal energ 3 r , one in which it is 
organised in the manner of elastic waves and the other in which it is 
akin to random types. In other words, the thermal motion of liquid 
molecules, which goes to make up its heat content, is neither wholly 
disorganised as in the case of the molecules of a gas, nor wholly 
organised in the form of elastic waves as in a solid. 

(Hi) Crystal physics. The analysis of crystal structure by 
X-ray diffraction methods concerns itself with the determination of 
the position and arrangement of the atoms or molecules which scat¬ 
ter the X-rays. It does not tell us an 3 T thing about the forces binding 
the atoms or molecules together in the lattice, which determine the 
physical properties of the crystal, and hence of the solid state, since 
most solids are crystalline in structure. 

The Raman effect offers us a new method of studying crystals, 
which, in a sense, is complementary to X-ray diffraction. For, it 
furnishes us with just the kind of information that X-ra 3 r s do no 
give concerning the strength and nature of the forces which ho 
the crystal together. Furthermore, this information is of a precise 
character, as the Raman lines are very sharp and can be measurec 
very accurate^. The frequencies deduced from the Raman spec ra 
and the known positions and masses of the atoms in crystals ena o 
us to determine the binding forces in the crystals. 

Although the study of Raman effect in crystals has been initiat 
ed only recently and has not much advanced till now, 3 T< ^ SOTU 
important results have already been obtained. The case of diamond» 
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studied by Ramasamj' and Bhagavantam, shows clearly that it is 
not necessary for a crystal to contain molecules in order that it should 
exhibit Raman effect, for diamond is a non-polar substance in which 
it is impossible to identify any particular group of atoms as forming 
an ion or molecule. The Raman spectra of a series of crystalline 
nitrates analysed by Krishnamoorthi and Gerlach established that the 
frequency characteristics of the N() 3 ions are notably influenced by 
the presence of the Rations. This suggests that the assumption of 
complete ionisation in the solid crystal may be invalid. 


The Raman effect in crystals has been studied also with re¬ 
ference to two other fundamental problems in crystal physics, viz,, the 
existence of a “mosaic" structure and thermal agitation in crystals. 
From the Raman spectra of crystals, the existence of discrete mono¬ 
chromatic infra-red frequencies has been clearly demonstrated. In a 
quantitative study of the phenomenon, Raman has shown that a cry¬ 
stal has, in general, (24 p — 3 fundamental modes of atom ie vibra¬ 
tion with monochromatic frequencies, where p is the number of in¬ 
terpenetrating atomic lattices of the crystal. Of this number ( 3 p 3 ) 

modes may be ascribed as oscillations of the p interpenetrating 
lattices, while the remaining 21 p modes are oscillations with respect 
to eaeli other of various important planes of atoms in the ervstal 
The number of monochromatic frequencies is shown to be consider¬ 
ably reduced when the crystal has a high degree of symmetry. But 
the number of frequencies and the geometry of the modes have been 
fully worked out from considerations of symmetry. For instance 
diamond has been shown to have eight fundamental frequencies 
roeksalt nine, and fluorspar fourteen. The fine structure of the infra¬ 
red spectrum of crystals actually observed is readily and adequately 
accounted for on the basis of the above-mentioned analysis. 

(iv) Nuclear physics. The Raman effect has been applied also 
in the study of certain aspects of nuclear physics, such as the spin 
statistics as well as the isotopic constitution of the nucleus. The rota¬ 
tional Raman lines of homonuolear diatomic molecules like H 2 , D , 
^ 2 * etc., characterised by their alternating intensities have been 
most fruitful in giving precise results. Thus, for instance, in the case 
of hydrogen , the Raman lines arising from odd rotational levels art' 
three times more intense than those coming from transitions between 
even levels, wluch can be shown to be due to the fact that the hydro- 

IZ '‘ a r i yj )i, \ 0f hal u f a r U ", it > ° ,,e - vin e Fermi-Dirac statistics 

and that the statistical weight of the odd rotational levels is three 

times that of the even rotational levels. With deuterium, the 

ronger alternating Raman lines correspond to transitions bet- 

ween even levels and their intensities are twice that of the weaker 

Su ffi/T l ; These ob8Crved data lead the 

t r isticaI r ight ° f , the evea 

odd levels onlv wliile t lines arising from transitions between 
oau levels only, while those from even levels are completely missing. 


814 


PHYSICS OF THE ATOM 


which means that the nuclear spin of oxygen is zero. With nitrogen 
the intensities of the Raman lines alternate, the more intense lines 
corresponding to transitions between even levels, unlike hydrogen but 
similar to deuterium. This leads to the conclusion that the nitrogen 
nucleus has a spin of one unit and obeys Bose-Einstein statistics. These 
results are in complete agreement with those derived by other methods. 

I he substitution of an isotopic atom for the original one in the 
molecule is expected to alter the symmetry of the molecule and the 
effective mass. Many isotopic molecules have been studied from this 
standpoint and it has been found that the phenomenon of alternating 
intensities in the rotational Raman lines, well exhibited by the spectra 
of H 2 and D 2 , is absent in the spectrum of HD showing that the sub¬ 
stitution of D for H has destroyed the symmetry. 

APPLICATIONS OF THE RAMAN EFFECT IN CHEMISTRY 


The applications of Raman effect in chemistry, in all its three 
different branches, inorganic, organic and physical, are so vast and 
ever-increasing, that it is impossible to godntoa detailed study here. 
We can just mention a few of the important results obtained. 

(i) Inorganic chemistry. Chemical constitution and 
valency bonds. Numerous facts point to the relation existing bet¬ 
ween Raman effect and the chemical valency bonds. The study of 
the Raman effect in a large number of the halides by Krishnamoorthi 
has established beyond doubt that Raman lines appear with great 
intensity in covalent compounds while the reverse is the case in elect¬ 
ro valent compounds. Thus, for instance, NaCI, KCl, etc., which are 
electro valent compounds, exhibit no Raman lines corresponding to 
their infra-red frequencies, whereas HC1, the chlorides of non-metals, 
etc., which are covalent compounds, give vibrational Raman lines. 

It is of interest to note that the vibrational Raman line is ob¬ 
served in HC1, gas and liquid, but not in aqueous solution of HC1, 
which consists of hydrogen and chlorine ions. In aqueous solutions of 
salt^, where ionisation is complete, one finds no Raman lines charac¬ 
teristic of the salt as a whole but only those corresponding to tae 
molecules of the separated ions and water. These facts confirm wha 
we have stated above about the dependence of the intensity of t- ® 
Raman lines on the chemical nature of the linkage, viz., Raman eixec 
appears most strongly when the atomic structure under consideration 
is bound by covalent bonds and tends to weaken when the bon s 
change their character and pass into electrovalent linkages. The ac 
that most of the organic compounds, characterised by covalent m 
ages, give rise to strong Raman spectra may be considered as u 

evidence in support of the above conclusion. . , 

The strength of chemical bonds is also duly reflected in - 
Raman effect, so that, calculating the force constants with the e p 
the Raman frequencies, the chemical bonds can be cfassi e 

triple, double and single. >o.Hiqa- 

Complex compounds, mixed molecules and water of crys * 

tkm are some of the other important problems which have 
tackled with the help of the Raman effect. 
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(u) Organic chemistry. Che Raman effect has been found 
o great value in organic chemistry also. It has been used in deter¬ 
mining the presence or absence o,!‘ spocific linkages in a molecule, 
identifying impurities of certain types, estimating quantitatively the 
relative proportions in which the constituents of a mixture are pre¬ 
sent, fixing up the structure of important molecules and studying 
the different types of isomerism. It is interesting to note that the 
chemist’s classification of organic substances into aliphatic or open 
chain compounds and aromatic or closed chain compounds is clearly 
reflected in the character of the respective Raman spectra. 

{Hi) Physical chemistry. Very many interesting problems 
appertaining to this branch of chemistry, such as the transition from 
crystalline to amorphous state, electrolytic dissociation, hydrolysis, 
etc., have been investigated with the Raman effect. Some of th.- 
more important results obtained are :— 


(а) Although there is a general correspondence between the 
Raman spectra obtained in the crystalline and amorphous states of 
a substance, the latter state gives rise to broad and diffuse bands in 
the place of sharp lines produced by the former. 

(б) Raman effect affords an ideal method for investigating the 
phenomenon of electrohjtic dissociation, as spectra can be obtained 
both lor the pure substance and for the aqueous solution of it at 

inerent concentrations. The observed positions and the variation 

of intensity of the lines enable one to determine directly the nature 

and number of ions produced and thus decide whether the dinsoci- 
ation is complete or only partial. 


,. (c) The problem of hydrolysis is similar to that of electrolytic 

8alt - possessing a Raman spectrum different from 
h *L d r t0 the base ° r the acld - is hydrolysed by water, the degree of 

tiM y ♦ Ca /l be readl, y estimated by measuring the relative intensi- 
fies of a set of lines characteristic of cither the base, the acid or tho salt. 

in .u u j r >man effect has come t0 stay as a powerful weapon 

- t ,.m'‘ ° f ”!| au f0r th ° *“* | y* intrimo phmo” 

which reveal the intimate structure of matter. 


5. SOLID STATE ,SPECTROSCOPY 

mav hf!T!U 1 ! ICtion * The . invest jgation of the solid state of matter 

exuerimnnt^ i^° 0 ‘' f , ! pv an important place in Modern Physics, both 
xpenmentol and theoretical. From the study of bulk nrouerties in 

ZrjZtT ifc haS b een shown KSds, “ 

are internal structure, it has been established that they 

JllovB in £e ZmIT™ °fJ eSS rand ° m fashi0n - Man y met aJ3 and 
M ch „,a v o thC P ol y cr ystalline bodies from single crystals 

have a very wS V" n V urB l ° r are formed in the laboratory, 

y regular structure, i.e v , bounded by plane faces, the inter- 
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relation of which exhibits a typical symmetry : e.g. y quartz, rock-salt 
etc. It is evident that the study of crystals is bound to throw light on 
the intrinsic nature of the solid state and hence the introduction of a 
new branch in Physics, known as Crystal Physics , which comprises 
both theoretical crystallography and analysis of crystal structure by 
X-rays, Raman effect and neutrons. We have already seen how 
Raman effect is utilised to analyse crystal structure (Of. pp. 812-13)* 
The use of neutrons for the same purpose will be mentioned later in the 
section dealing with neutrons. Here we shall limit ourselves to X-rays. 


The basic structure of the solid state has been recently analysed 
in the following three different ways : {i) fine structure of the X-ray 
absorption edges, (it) X-ray emission spectra of solid targets, (Hi) 
modified X-ray reflections from solid crystals. It is to be noted that 
although the spectroscopic theory developed for free gaseous atoms 
could be utilised in-dealing with X-ray spectra of solids, yet, in cases, 
where the outer shells of the atom are involved, modifications will 
have to be made since these shells will be greatly disturbed by the 
interactions of the atoms. A brief description of the above-stated 
three lines of investigation will now be given. 

A. Fine structure of the X-ray absorption edges. vVe 

have already seen (C/. p. 614) that, in the case of free atoms, due to 
the intervention of the outer part of the atom, i.e., when the electron 
from an inner shell, instead of being ejected completely from the 
atom, is stopped in some outer vacant shell, a series of resonance ab¬ 
sorption lines can arise with the absorption edge as their series limit. 
The arrangement of the electrons in the outer part of an atom, how¬ 
ever, will be considerably altered when the atom is forced into close 
proximity with many other atoms, as in a solid. Consequently, w© 
may expect the observed fine structure of absorption edges with soli 
absorbers to be materially different from that found for a gaseous 
absorber, but. nevertheless, some type of resonance absorption is 
to be expected. Jjrisi as an interpretation of the fine structure ot t ie 
absorption edgesph a gaseous absorber may give us information abou 
the internal structure of a free atom, so may a similar phenomenon 
with a solid absorber reveal details about the basic structure of a so 1 
The fine structures of the K edges of several solids have been 

obtained by Beernan and Friedman (1939), Trischka (1945) an 

others. A typical absorp¬ 
tion curve showing 
K-edge of Cu is reproduce** 

V__ from the work of Bee*an 

and Friedman (Fig- &?)■ 

ft. "Is \ The curve shows obvious i 

V dications Of resonance ab- 

sorption at the K limit- but 
\ no distinct lines stand out. 

, _ A Theoretical considera t 

••a 7 * **-374- x '*3 7 a 73t8A° lead to the conclusion 

Absorption Curie at Me Hedge of Cu, an e j ec t ro n removed from 

Fig. 268. ' interior of an atom must oe 
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transferred to an electronic shell that belongs to the entire solid rather 
than to any individual atom and the energies associated with such 
transitions are distributed over broad bands instead of being confined 
to a discrete set of values. The theory, however, has not yet been 
developed to the extent of giving a clear interpretation of the 
details of the observed structure, 

«B. X-ray emission spectra of* solid targets* Skinner 
(1040) and Cady and Tombouiian (1941} have studied the emission 
spectra from solid targets, in the long wavelength region, from 5 to 
180 A°. Mica crystal spectrograph was used up to about 20 A° and 
ruled grating spectrograph for higher wavelengths. Attention was 
chiefly directed on the lines that involve transitions of the valence 
electrons which belong to the solid as a whole. The effect of the 
interaction between neighbouring atoms in a solid is equivalent to 
replacing the sharp levels of the free atom by bands. Levels associ 
ated with vacancies deep in the interior of the atom, such as the 
K levels in heavy atoms, are only very slightly broadened. But levels 
corresponding to changes in the outermost atomic electrons will 
broaden out appreciably. Hence the higher memoers in the series of 
X-ray lines, as observed when they are emitted by free atoms, be¬ 
come, in the case of solid emitters, broad bands which may overlap. 
The shape of such bands, produced when the valence electrons asso¬ 
ciated with the solid as a whole drop into vacancies in the inner shells 
of atoms, will give information about the structure of the solid, 
rhus Cady and Tomboulian analysing the shape of the X-ray bands 
emitted in the “valence -» L” transitions for aluminium, have been 

able to show that the energy distribution oj the valertce or conduction 
electrons t n a metal is of the Fermi”Dirac type . 

C. Modified X-ray reflection from solid crystals. Well- 
exposed photographs taken of X-ra}'s after they have traversed 



odified X-ray reflections from crystals, (a) Sylvine, (6) Benzil 
g . .. . (Lonsdale and Smith) 

inadditioncrystals, as in the Laue method, frequently show, 

ground pattern ° l^rly defined Laue spots, a fainterback- 

a pparentlv coppac streaks, spots and halos, which do not 

planes of the R +2+- n m P° S1 ^ 10 ^ B fa gg reflexions from any 

52 ionar} r crystals, as seen in the adjacent photo. 
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Although such effects were first observed by Friedrich as early as 
101 3, it is only in the past few years that any serious attempt has 
been made to study them, on account df their probable connection 
with other phenomena met with in the study of crystal structure* 
such as scattering of light by crystals with altered frequency, lumim- 
scence and absorption spectra at low temperatures, the anomalous 
variation of specific heat of solids at low temperatures, etc., and of 
the consequent importance of these background secondary reflections 
of X-rays from crystals in the building up of a cogent theory for the 
solid state of matter. 

Wadlund (1938), Preston (1939), Laval and Maguin in France 
(1939), Raraan and his collaborators in India (1940) and Lonsdale, 
Knaggs and Smith in England (1940) have made extensive researches 
pn the different aspects of the phenomenon, such as the azimuth 
effect, temperature influence, etc. They employed X-rays from C 
%nd Mo targets, unfiltered or monochromatised, and different crystals, 
both inorganic and organic, as well as metallic, such as diamom. 
quartz, KC1, NaCl, NaN0 3 , CaC0 3 , naphthaline, benzil, sorlic acid, 
Al, powdered Ag, etc. The results obtained may be summarised as 
follows * — 

(i) The diffuse pattern does not seem to be affected by the 
nature of the surface of the crystal or by any crystal imperfection. 
It resembles in many respects the Laue pattern of an. oscillating or 
rotating crystal. This is a general fact applying to inorganic an 
organic crystals of any system and to all wavelengths . of radia ion 
used. It is not only seen in Laue photographs, where it is, in genera , 
well separated from the regular Laue pattern, but also in pow er 
photographs, where it forms a background to the selective xsragg 

reflection. , f 

(if) The diffuse halo surrounding the central spot does not 

appear on monochromatic photographs ; the radial streaks on or l 
nary Laue photographs are almost due to diffuse reflection o un 
tered ‘white’ radiation ; the diffuse spots are always obtained i 
monochromatic Laue photographs, thereby indicating that t ey a 
due to diffraction of characteristic X-rays. 

(in) The shape and size of the diffuse spots yarv considers y» 
being very frequently not circular or even elliptical. They are Ej° 
closely related to the shape of the corresponding Bragg spots ttian w 
those of the Laue spots. The positions of the diffuse spots are ^ y 
nearly, sometimes even exactly, those of Bragg reflections 3fro:m 
sfcal planes, which are not necessarily, however, quite at their pr i 
reflecting angle. The diffuse spots seem thus to be relate , 

structure and nature of the crystal planes to which they corre po 
and hence may give valuable help in structure determma ion. 

(iv) The intensity of the diffuse spots depends on them posi ion 
with respect to the Laue spots, increasing as the distance _ 

A very important factor affecting the intensity is the crys . rease 
ture. At high temperatures (up to 500°C) some diffuse sp° $ 
enormously both in intensity and size and non-radial strea s pp* 5 » 
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which were not previously visible. Other diffuse spots are not so 
strongly affected. The Laue spots usually become fainter with rise 
of temperature. At low temperatures (liquid-air) the diffuse spot pat¬ 
tern nearly disappears in many crystals. The Laue spots become 
more profuse and the general background clearer. But the case of 
diamond seems to depart iforn this general rule under certain condi¬ 
tions. The Indian scientists, working with (1, 1, 1) crystal planes of 
diamond, have shown that the intensity of the diffuse spots is inde¬ 
pendent of temperature. 

Although many of these background effects may be accounted 
for as due to imperfections in the specimen, strains, etc., yet there 
still remain streaks and spots, much too regularly and systematically 
organised and depending on too many factors such as the nature of 
the incident beam, orientation, symmetry and temperature of the 
crystal, which therefore demand a more* serious explanation than 
mere bulk or macroscopic defects stated above. It is admitted by 
all that while the primary reflections of X-rays from crystals, which 
give rise to the ordinary Laue spots, are due to the static, space-perio¬ 
dic arrangement of the atoms, the secondary reflections which pro¬ 
duce the background diffuse pattern are to be ascribed to the dyna¬ 
mic, time-periodic nature of crystal lattices that vibrate about equili¬ 
brium positions within certain limits. But as regards the origin and 
nature of these vibrations, a lively controversy has arisen between 
eminent scientists, such as Max Born, Lonsdale and others on the 
one hand and Raman and his co-workers on the other. 

The English scientists attribute the observed effect to purely 
thermal agitation of the atoms in the crystal and try to explain the 
different characteristics of the background pattern on the semi-classi¬ 
cal basis of elastic vibrations in the solid constituting a continuous 
spectrum with a limiting maximum frequency, first suggested by 
Bebye in the interpretation of the specific heats of solids. Max 
Born, with his so-called “cyclic lattice"’ theory has given a rather 
complicated mathematical treatment of the problem and obtained a 
scattering law which represents the positions of the diffuse maxima 
by a formula similar to that of Bragg, giving at the same time the 
dependence on temperature. 

But the basic idea underlying his treatment seems essentially to 
be the same as that of Debye, vtz., that all the possible vibrations of 
a crystal lattice are analogous to elastic vibrations, having the same 
distribution of phase waves in respect to the wavelengths and rela¬ 
tion to the size and orientation in space of the crystal. Herein pro¬ 
bably lies the chief drawback of the otherwise erudite theory of 
J>orn. For, the reason why the Debye formula for specific heat of 
solids fails to represent the experimental data in several cases is pre¬ 
cisely due to the fundamental assumption that the atomic vibrations 
constitute a continuous spectrum of all possible, elastic wavelengths 
with an arbitrarily chosen limiting wavelength, depending on the ex- 
“Wnal dimensions of the crystal. A crystal, in the first.place, cannot 
ue treated as a continuum having a uniform density and elasticity, 
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since it has a discrete atomic structure, uniform neither in electron 
density nor in mass distribution. Secondly, the atomic vibrations of. 
the crystal lattice which depend on the individual masses of the 
atoms and on their arrangement in the fine structure of the crystal 
cannot be assimilated to vibrations of the elastic type which are 
governed by the macroscopic properties and external dimensions of 
the solid. Thirdly, the contribution of the low frequency elastic type 
vibrations to the thermal energy will be, under normal conditions, 
relatively of minor importance. Fourthly, the Raman effect in cry¬ 
stals leads to the existence of discrete and monochromatic vibrations 
of the crystal lattice, which fall in the infra-red region, hence rela¬ 
tively of much higher frequencies than the low elastic vibrations of 
Debye’s thermal spectrum. Finally, the effect of all vibrations of the 
elastic type of low frequency can be only a diffuse scattering without 
any geometrical arrangement of spots, the intensity being much 
smaller and varying much less rapidly with temperature than what 
is actually observed. 


The Indian scientists, under the leadership of Raman, interpret 
the observed phenomenon as primarily a quantum effect of the inter¬ 
action of the incident X-ray photon with the atoms of the crystal 
vibrating with discrete monochromatic frequencies, in a manner 
logous to the Raman effect in the optical region. It is, therefore, 
not essentially of thermal origin, though for low-lattice frequencies or 
at high temperatures it may be thermally influenced. Hence they 
have named the background pattern * ‘quantum or modified X-ray 
reflections”, not satisfied with the nomenclature of *‘diffuse X-ray 
reflections’’ *used by the English scientists. According to them, ® 
incident X-ray quantum exciting the infra-red monochromatic ■ • 

quencies of the crystal lattice produces dynamic stratifications in ^ ® 
crystal, which scatter the modified incident quantum, thereby giving 
rise to dynamic reflections with altered frequency. The djscre 
quencies of the vibrations of the crystal lattice as well as ® 
modes, though induced by the incident quantum will depen on , 
internal structure of the crystal, t.e., the geometric grouping o 
atoms and the forces which they exert on each other, hence on 
symmetry characters also. If the number of the lattice ce s e 8 _ 
ciently large, as is usually the case even for a sub-microscopic ^ 
stal, these frequencies and modes will be independent of the e _ , 
size and shape of the crystal, unlike the elastic vibrations o a ® . 
nuous nature. The vibrations must, moreover, be picture a ^ 

an identical frequency, amplitude and phase in all the ce 
lattice, as only then the motion will be truly monochromatic. 

Basing himself on these postulates, Raman has been 
account for the simultaneous appearance of the backgroun P® 

(as modified geometric reflexions) and the Laue pattern (a^ 

fied geometric reflexions) by the same lattice P lan< ? ° th ffe ometric 
He has also derived a quantitative expression t . Nath 

direction of the dynamic X-ray reflection, knowri as Raman ow 

formula : 
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2d sin J sin (ri + ^ ^ ^ = n\ sin v) 

where d is the distance between the static lattice planes, 9 the glanc¬ 
ing angle of the dynamic reflection, $ the glancing angle of the inci¬ 
dent beam with respect to the static planes and rj the angle which 
the phase waves make with the same static planes. This relation has 
enabled him to put to experimental test the theory proposed. 

As regards the intensity of the dynamic reflections, it is proved 

1 11 M - 1 the lost favourable conditions, the modified reflections 

have intensities which are of the same order of magnitude as the 

unmodified reflections, though as a rule definitely weaker. The 

dynamic reflections should appear not only more intense but also 

more sharply defined as the crystal setting approaches the position 

in which the static and dynamic reflections coincide. Considering 

the influence of temperature on the phenomena, an expression for 

the effect of thermal agitation that would increase the intensity of 

the pattern, known as the temperature factor , is derived, from which 

itis shown that the intensity can be affected by temperature only 

when the frequency of vibration of the lattice is very low or the 

temperature is very high. Under all other circumstances, the intensity 

is solely determined by the discrete energy of vibration of the cry¬ 
stal lattice. 

, This quantum theory explanation seems to be in accordance 
with the modern general treatment of the problem of interaction 
between radiation and matter in the microscopic atomic state. The 
ifferent conclusions drawn from it as regards the position and inten¬ 
sity of the background spots as well as the temperature effect seem 
o answer fairly well to the experimentally observed facts. But its 
c le merit lies in the fact that it gives a more satisfactory explana¬ 
tion of the problem of specific heats of solids than the older Debye 
, Supposing that according to the ideas of this new theory, 

.. part of the thermal energy associated with the elastic vibra- 
ions is practically negligible and that the bulk of the thermal 
energy is due to monochromatic infra-red vibrations, the specific 
o a crystal can be expressed as the sum of a number of Bins* 
Bin terms each one of which corresponds to a discrete frequency of 
e crystal lattice. These frequencies are taken from the available 

1 * with the appropriate weightage. The specific 

aKo us calculated are found to be in good agreement with the 

atnr rVe< * Va ^ ues ^ or a num ber of solids over a wide range of temper- 
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In the study of the atom, after having analysed the peripheral 
electronic structure and properties, our attention must naturally be 
directed on the very kernel of the atom, the nucleus, in which the 
essential individuality of the atom resides. 

Within recent years, nuclear physics has made rapid advance, 
thanks to the intense and ingenious researches made by many emi¬ 
nent physicists both on the experimental and theoretical sides. The 
first real foundation of the modern conception of the nucleus was laid 
by Rutherford who discovered, in his experiments on the large angle 
scattering of a-particles by matter, that *all the positive charges of 
the atom and practically the whole mass of the atom were concentra¬ 
ted in a very small region of dimensions of about 10" 12 cm. and less, 
situated at the centre of the atom (&f p. 564). A more comprehen¬ 
sive idea of the structure and properties of the nucleus was then 
gained steadily from many independent lines of investigation, such as 
a more detailed study of the phenomena of natural radioactivity, 
artificial disintegration, cosmic rays, etc. Theoretical interpretations 
of these experimental data have also been made with such success 

that a very satisfactory understanding of the nucleus is now we 

under way of realisation. 

An exhaustive account of this wide subject cannot be given 
within the compass of this book. We shall, therefore» con en_ 
ourselves with a brief survey of the main experimental 
results, supplemented by relevant theoretical conclusions. The T 
following chapters will be devoted to the study of some tmpor 0 
modern problems of natural radioactivity , artificial transmutatt y 
elements and cosmic rays respectively, all of which have furnis ^ 
valuable information concerning the nucleus. Then, in * 
chapter, a short account of the structure and properties of the fin , . * 
viz., its constitution, size, mass, charge, quantum states and s 1 _ * 
spin and magnetic moment, stability and nature of the forces a 

in it, will be given. 


CHAPTER XII 


Modern Problems of Radioactivity 

Introduction. It was early realised that radioactivity is 
essentially a nuclear phenomenon. For, over and above the 
general reason which we have already stated, viz,, the independence 
of radioactivity from any external influence, physical or chemical 
(Of p. 325), the following particular and additional considerations in¬ 
dicate that the rays emitted by radioactive substances have their ori¬ 
gin in the nucleus ;— 

(») Certain radioactive elements emit a-particles which are 
identified with helium nuclei. Now, since outside the nucleus nothing 
except electrons is provided in the accepted atom model, the a-parti¬ 
cle must be supposed to proceed out of the nucleus itself. 

(H) Considering the radioactive elements which emit (3-parti¬ 
cles identified with electrons, although the above line of argument 
cannot be directly used, as there are many difficulties in accepting 
the actual existence of electrons in the nucleus, still there are other 
reasons to believe that the real (3-rays or disintegration electrons as 
they are called, do not come from the extranuelear family of elect¬ 
rons but from some other source. For, it is possible to extract elect¬ 
rons out of the various peripheral shells of the atom ; but when this 
is done, the resulting * ‘ionised' ’ atom promptly takes in other elect¬ 
rons to fill up the gap and reverts to its original state. This is not 
the case, however, with the radioactive elements which emit (3-parti- 
cles. Neither can one extract by external force these electrons, nor 
does the atom that has lost a (3-particle revert to its original state. 
The change is irreversible and the atom is altered for good, giving rise 
to a new different atom. Hence, it follows that the (3-pnrticles which 
cause the disappearance of their very parent atoms cannot originate 
from the extranuelear group of electrons. 

(tit) As regards tho nuclear origin of the y-rays identified with 
electromagnetic radiation, we have the following evidence. The 
y-rays emitted by some radioactive substances are of extremely short 
wavelength (Cf. p. 368). Now, tho emission of radiation from the 
extranuelear structure, i.e. t caused by the return of the deeply ionised 
atoms to their normal states, is ordinarily classified as X-rays. Tlxe 
s ortest X-ray which the extranuelear structure can radiate is that 
emitted by uranium. Any radiation of shorter wavelength, as at 
eas some of the y-rays are, must therefore come from the nucleus. 

. _ After this first surmise about radioactivity as a nuclear pro- 

P 6 y>^ researches were made to determine more precisely the nature 
an circumstances of the origin of the three radiations of radioacti- 
1 '* -fhey form one of the most interesting problems of the radio- 


824 


PHYSIOS OF THE ATOM 


active phenomenon. A second and even more important investiga¬ 
tion, intimately related to the first, is concerned with the spectra of 
these rays. The origin and spectra of the radiations from radioactive 
substances will therefore be considered in this chapter. 

ORIGIN OF THE RADIATIONS FROM NATURAL RADIOELEMENTS 

Alpha disintegration. According to current ideas of nuclear 
constitution with protons and neutrons, the a-particles made up of 
two protons and two neutrons, probably pre-exist in some form or 
other , though not as individual units in the nucleus before their emission, 
since they alone are ejected, not protons or neutrons, in natural radio¬ 
activity, while in artificial disintegrations they are emitted as readily 
as protons and neutrons. Further, the a-particles inside the nucleus 
are not lying in any confused and idle manner, but are arranged in 
distinct energy levels in active motion as is shown by the experimentally 
observed long range a-particles and a-ray spectra of which we shall 
speak presently. 


But a serious difficulty arises against the emission of a-particles 
by radioactive nuclei due to the existence of an electrostatic potential 
barrier surrounding the nucleus. For, the energy of any a-particle in¬ 
side the nucleus cannot be greater than the height of the potential 
barrier, or it would not stay there at all, which means that a activity 
could have never been detected, contrary to observation. On the 
other hand, if the energy of the a-particle is less than the height of 
the potential barrier, the a-particle should never be able to get out. 

Classical mechanics, which considers material particles as solely 
corpuscular, is quite incapable of explaining this difficulty. But m 
wave mechanics, which attributes to every material particle a wave 
aspect also, the difficulty disappears, since an electrostatic potential 
barrier, though very high, cannot completely hinder the passage of a 
wave through it. For, there is a certain probability of penetrating 
through the barrier, however small that probability may be, for all 
positive energies of the material particle. 


More precisely, the Schroedinger wave function whose square 
measures the density of probability of the particle in a certain region, 
does not vanish in the regions where the potential energy V is higher 
than the total energy E and where the particle in the classical mode 
would have a negative kinetic energy; instead, although decreasing ex¬ 
ponentially with the distance, the wave function maintains a finite 
value provided E is greater than zero. This statement can be estab¬ 
lished by the following considerations : — 

The apparently paradoxical behaviour of the particle in this case 
has a complete analogy in certain phenomena connected with 
reflection of light. If a beam of light falls on the boundary betwee 
two media at an angle of incidence greater than the critical ang » 
then according to geometrical optics, total reflection will occ . 
i.e., all the light will be reflected at the surface of separation an^ 
no disturbance will enter the second medium. According to ■ 
wave theory, however, the process of total reflection is much mo 
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complicated. On this theory, the disturbance in the second medium 
is not every where zero, but within the space of few wavelengths de¬ 
creases exponentially to become entirely negligible at greater dis¬ 
tances. This ‘ibrbidden’ penetration of the disturbance cannot be 
described in terms of rays of light at all, the lines representing the 
directions of energy-flow being curved and returning to the surface 
again. If now, the second medium be confined to a thin sheet, of 
thickness less than the range of penetration of the disturbance, and i\ 
it is immediately followed by the first medium, a small fraction of the 
disturbance which has penetrated the sheet will emerge from it and 
enter the first medium. This transmission of energy is obviously in 
contradiction to the prediction of geometrical optics ; it is, however, 
established by experiment. The change from classical mechanics to 
wave mechanics introduces an exactly similar possibility for the trans¬ 
mission of a particle through a potential barrier whioh would other¬ 
wise be insurmountable. 


Let us now consider analytically this type of reflection of De 
Broglie waves associated with material particles. Let a beam of ma¬ 
terial particles, say electrons, moving 
along the Z-axis, enter a uniformly 
opposing field of force (to the right of 
XOX') from free space (to the left of it), 

XOX' representing the ’ ~ 

the origin (Fig. 259). 
simplicity, we assume 
infinite along the X-Y 
form density in that 
function associated with a 
particle can be represented by 


boundary and O 
For the sake of 
the beam to be 
plane and of uni¬ 
wave 
material 



27rtv£ - 2rcvt£ 


...( 1 ) 


^ 

On account of the assumptions 
made above, flt will be a function of z t t 
only. Omitting the time factor, the 
incident wave is represented by 

• -2ttviz 

1=1 . .. -( 2 ) 



aV 


+ 




(E — V) tp = 0 


... (3) 


... . . . dz* 1 h * 

© initial conditions of the problem give : 

z Y == f° r z > 0, V has a finite value, pro- 

aH t0 < ^ s ^ ance from the origin O, which may be represent- 

ky Y = az, whore a is a constant. 

v _ wave Du « nber ~ = 1/A = mv/h = v / 2m(.E-V) /A. If 3 <0, 
- an< ^ v = Tf. 0 , V steadily increases ; hence v 

_ T? __ J.L • __il . „ . 


LT V 2 »*E/fc. If z > u, v steaany increases; hence v 
es anc * becomes zero when V — E = az ; this means that at a 

UlStATlAa _ T7» “ rv ..... 


j. -_—' w "wwu v — Aii = U4, , uiio iueaua mao at a 

turned 06 ^ 'T ®/ a,v = At this point, the particle is said to be 

ac * reflected, according to classical mechanics. If 
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V > E or 2 > E/a, v = i \/2m(V^E)lh, v is imaginary and is in¬ 
terpreted, according to classical ideas, as indicating the absence of 
the particle. 

Wave mechanics, however, leads to a different conclusion. The 
wave equation (3), being a linear equation of the second order, has 
two independent solutions, viz., v = ^ i\/2 m (V — E)"’/ A, for points 
beyond 2 = E/a. Applying these solutions in equation (2), it is 
readily seen that for v = + i \/2 m (V — E) /A, \p goes on increasing 
exponentially for 2 > E/a. This means that the probability of find- 
ing tlie particle beyond the point of reflection rapidly increases, which 
is evidently impossible ; hence this solution does not correspond to 
reality. On the other hand, for v = — i \/Sm (V—E) /A, ^ de¬ 
creases continuous^, also in an exponential manner, which means 
that the probability of finding the particle beyond the point of re¬ 
flection rapidly diminishes ; this solution alone can represent the 

actual state of affairs. In such a case, even when v is imaginary, 
is real, though very small ; the point of reflection (z = E/a) marks 
thii beginning of an exponential decrease of the wave fimction di* 
Thus, according to wave mechanics, at the point z = E/a, although 
the particles are reflected as in classical mechanics, yet unlike in 
classical mechanics a few of them must get beyond, since does not 

quite vanish, however far we go along the Z-axis. This additional 

refinement of wave mechanics may now be used to explain a-disin- * 

togration, i.e how a-particles leak through the potential barrier, 

though they may not have the energy to clear the whole height of 
the barrier. 


In solving the problem of a-disintegration, we must first of all 
fix up the nature of the wave that will represent the facts of such a 
disintegration. Let 0 be the wave function that describes the position 
and velocity of an a-particle. Initially, the probability' that the 
a-particle is in the nucleus is very much greater than that it will be in 
an equal volume outside ; hence the amplitude of the wave function 
in the nucleus must be much greater than that of the wave function 
outside. After disintegration, the a-particle is outside the nucleus, 
and it may move in any direction away from the nucleus, but wjwi,A 
definite velocity v. These facts are described by a spherical" 
diverging from the nucleus, of wavelength hjmv . The energy of the 
a-particle, both before and after disintegration, will be equal to i s 
kinetic energy in free space ; hence the frequency of the waves i*» 
equal to Jwv 2 /A. Further, the probability of the a-particle remain¬ 
ing in the nucleus becomes smaller and smaller as the time increa cs, 
i.e., the amplitude of the wave function in the nucleus becoffi' 
steadily less and less with the advance of time. 

Next, we must enquire into the nature of the field of f° rc ® 
neighbourhood of the nucleus in which the a-particle moves. A S 
distances, we know that there is a repulsive electrostatic . 
(Coulombian) due to the charge on the nucleus. The pofcentia 
a-particle in this field is (Ze x 2c)/r, where Ze is the nuclear c 
the charge oft the a-particle and r the distance of the ot-p* 
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from the nucleus. At small distances from the nucleus, however, the 
field must change into an attractive field of some kind which enables 
the a*particle to remain in the nucleus before disintegration. Let us 
assume, there fore,, that the potential energy of the a-particle plotted 

.. . * r is somewhat of the form shown in Fig. 260 ; 

it is known as the potential barrier curve. For distances greater than 
corresponding to the maximum of the curve, the field is repul¬ 
sive , in this region, as the distance decreases the potential energy in- 
creases and reaches a maximum at r Q . For distances smaller than r 0 , 
, e held becomes attractive ; the potential energy decreases and at 
the centre of the nucleus is negative but finite ; (we shall deal with 
this potential barrier more in detail in Ch. XV). 

. ^ inow from experiments on the scattering of a-particles that 
r 0 is certainly less than 3 x 10" 12 cm. ; the height of the potential 
amer is therefore greater than 4e 2 / r 0 , (the factor 4 arising from the 
aoubie charge of the a-particle) and this is equal to 14 x 10' 6 erg. 
xsut the energy of the a-particle is found to be only 6*6 x 10" 6 erg, 
l '?'\ ess than ha,lf the height of the barrier, If, therefore, the a-parti- 
c e is originally inside the nucleus, according to the laws of classical 
mechanics, it can never get out. 

,, ® ^e total energy of the a-particle, represented by 

e me^ AB (c/. Fig. 260). Then, according to the classical theory, 
at points A and B (or at A 

andB') the a-particle would 

have zero kinetic energy / I * \ 

since they are points of re- ' I ' 


points A and 260. 

* all the kinetic energy has already been converted 
er Sy* Hence if the a-particle is initially inside the 
t get out, Le. t a-disintegration is impossible, if the 
l© a-particle is less than the height of the potential 
if the a-particle is initially outside the nucleus, it 
t, i.e artificial disintegration by a-particle is impos- 
energy of the a-particle is greater than the top of the 
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lines Aa &nd B b (or Aa and B 6 ') the wavelength becomes imagi- 

nary ; m other words, the wave suffers total reflection at the walls of 

e nucleus. It can vibrate, therefore, only in one of the series of 

normal mode with definite frequencies. Thus, the a-partiele within 

e nucleus must have one of a series of discrete energies, just like 
the electron in the atom. 

In the region AB (or A'B'), although the wavelength becomes 
imaginary, the wave function ifj is real and the amplitude of the wave 
< oes not vanish at A or A' but begins to fall off exponentially, as we 

aV n^v° Ve< ^ a k° ve * At B the wave amplitude will have become very 
sma , but not zero. Now the wavelength becomes real again and so 

fV W ^ V iti °r sma ^ amplitude leaks out of the nucleus. Right outside 
e held of the nucleus, there will be a spherical wave of very small 
amplitude and of wavelength h / \/ 2 mE. A wave leaking out of the 
nucleus means that the amplitude of the wave inside the nucleus 
must slowly die away, since, by analogy with other waves, where the 
amplitude determines the energy, if energy is flowing away, the 
amplitude must die down. The amplitude of the wave inside the 
nucleus dying away indicates, as we have seen, the probability that 
the a-particle has escaped from the nucleus. 

Since the square of the amplitude | | 2 gives the probability 

of occurrence of the particles, it follows that the particles penetrate 
through the region of the barrier, AB or A'B', with a frequency which 
is given by | i p [ 2 . This will diminish extremely rapidly with increas¬ 
ing thickness of the barrier at the height which corresponds to the 
energy of the a-particle. Hence, swift a-particles have a muck 
greater probability of getting out of the nucleus than slow ones . The 
higher the top of the barrier and the wider the barrier, the slower is 
the rate at which the wave packet streams outward and the smaller 
is the chance per second that the a-particle gets out of the nucleus. 

The decay constant A. The probability of escape is a measure of 
the decay constant since the more probable the escape, the shorter is 
the mean life of the a-particle inside the nucleus. The decay con¬ 
stant is defined as the probability of disintegration, (i.e. 9 escape from 
the nucleus) in unit time. At time t—0, when the a-particle is well 
within the nucleus, the wave function vanishes outside the nucleus, 
whereas inside it represents a vibration of frequency E /h and unit 
amplitude, given by / / / | tp [ 2 dx . dy . dz = 1 . But, aspointed out 
above, a small wave will instantly leak through the potential barrier. 
Now, if ajr be the amplitude of the wave that flows out of the nuc¬ 
leus, then the probability that an a-particle crosses an element of 
area ds at a distance r from the nucleus in time dt is given by 

^ ds . dt . v 

where v is the velocity of the a-particle. The probability that it 
passes a sphere of radius r surrounding the nucleus is 

2 

(—) 4 - 7 T* r 2 . dt. v = 4tc 2 a a « dt . v 
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This is the probability that a disintegration takes place in time 
dt. Hence the decay constant is given by 

A — 47T 2 a 2 v 

fhis relation states a fundamental law of a-disintegration viz 

the mean life t of a radioactive atom between two disintegrations is in' 

versely proportional to the energy E of the emitted ^particle since 

a oe I/x and E c*= v ; it also provides a theoretical justification of the 
empirical Geiger-Nuttall relation 

log A = A + B log R 

since the 
energy E. 

lv hv ?!!l a more q P r ® c i se quantitative treatment, given independent- 
™ow and by Gurney and Condon, in 1928, leads to the more 
exact but somewhat complicated formula : 


R of an a-particle is directly proportional to its 


log A = log 


h 


4mr 2 


8n 2 e 2 (Z — 2) 
hv 


167re 


V {Z — 2i r 


o 


^°Tu iC r 1 formula differs from the empirical law of Geiger- 

on If h ® faCt at i t i8 DOt linear in v but inl / v > ^ also depends 
the atomic number Z and the radius of the nucleus It can he 

jho.„ that the empirical Geiger-Nuttall law i, oply a iirs, .pprtri! 

SCn? o/S T St *”,‘ *“ *~»a Further, „ 

ranire of val * ^JSe factor in the second term, in which v appears, the 
g of values of the decay constant is extremely wide. 

resDects ““l? 6 n °*t d that the theory developed is not perfect in all 

mni the re8t ° f the nucleua m eans of a potential field is a ven 

sid^thp PrOX,I f a V° n and for an °ther, it is probably incorrect to com 
the a-particle existing as such in the nucleus. 

conufm!?* *®* s .*“* e S rat * on< In the original conception of nuclear 
bv radi™^- WltH pr , otons and electrons, the emission of S-particles 

nJcStaKlertSLtata ““'y “» d '" ,ood “““ 

fymg ta,i b cb'a*^ZTtai“r,: ‘°BS r l Wi !i "““I > ' hil « 

r^ ,tion of * be r leus ZX 

"oonal of thtiremLSO! onoUdjustat ,ht 

formation of^teutrtoio'inlr^Jm^ ^-radioactivity is due to the trans. 

When a naitron Ssfo™ ? u rt - “T * er “ in,id ’> «« naclnt. 

n-+ p + c _ ?“?*»• lt8elf lnt0 a proton an electron is emitted : 
self into a neutron c °nverse process of a proton transforming it 

“» J Zit’lSIyZtTe° ll,0n - ‘ b6 Of 

5 SB fee slsz rr" —' ssr s 

tne same fundamental heavy particle which is subject to 
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transformations from one state to the other, with the emission or 
absorption of energy and the consequent liberation of negative charge 
(electron) or positive charge (positron). 

This simple but exquisite explanation of the* origin of p-rays was 
evolved only after laborious and ingenious researches which have not 
yet reached completion. There were two main difficulties to be 
solved. The first one arose from the very nature of the p-particles 
which are nothing but electrons, pure and simple, like those surround¬ 
ing the nucleus. Now, since the radioactive atoms, like other atoms, 
can emit electrons from the peripheral electronic structure under the 
influence of radiation by a process, such as the photoelectric effect, 
there is a possibility of confusing the two types of electrons, the one 
arising from the nuclear change and the other from the extranuclear 
family as a photoelectric emission, chiefly given the fact tfiafc elec¬ 
trons, whatever be their genesis, are the same in mass and charge. 
Moreover, in the case under study, the admixture of the two kinds of 
electrons is real, as the radioactive elements which exhibit (3-ray dis¬ 
integration usually emit also y-rays. A portion of this high frequency 
radiation gets absorbed in the outer electronic structure of the disin¬ 
tegrating atom itself and as a result of this, electrons from the differ¬ 
ent shells, K, L, M, etc., are ejected* This process, known as the in¬ 
ternal conversion of y-rays, has been subjected to direct tost and 
proved to be true. Further if the y-rays are of different frequencies, 
since each of these frequencies can give rise to as many different 
speed electrons as there are shells and sub-shells in the electronic 
structure of the atom, complex groups of electrons of discrete and 
characteristic energies will be ejected from the radioactive element 
along with the real disintegration electrons, and it is not easy to dis- 
tinguish between the two. As a matter of fact, internal conversion 
electrons or secondary p-rays, as they are now called, were initially mis- 
taken for the primary p -rays, until carefully devised researches clearly 
differentiated the two phenomena. 

Hahn and Meitner using the magnetic spectrograph me thud 
were able to show' that the internal conversion electrons always consist 

of groups, whereas the dis¬ 
integration electrons have 
a continuous energy spec -. 
trum . The photographic 
plate which records the 
magnetic spectrum of 
the p-rays emitted by a 

radioactive substance 

clearly demonstrates a 
continuous background 
within, certain limits, 
produced by the dis¬ 
integration electrons, on 
which is superposed the 
line spectrum formed y 
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the groups of secondary electrons. Chadwick using a Cxeiger counter 

o« 7 ! he photo £ ra P llc plate ln the magnetic spectrograph 
(c/. 1* ig. 267) and counting the number of electrons of different ener¬ 
gies produced by a radioactive substance was able to prove that the 
groups formed only a small portion of the total emission. The ex- 
piTinioiitul data gave curves of the typo shown in Fig. 261 It is 
seen that the primary (3-ray emission constitutes an extensive conti¬ 
nuum indicated by the dotted line upon which a few sharp lines are 
superposed. The integrated intensity of the continuous part is 
much greater than the sum total of the intensities of the individual 

pe f ks ‘ In ? he cas ® of RaB > f or instance, the total intensity of the 
in lvidual lines is found to be only about 30% of the total emission. 

Further researches were made to confirm this interpretation 
which distinguished the two kinds of electrons met with *in S-rav 

*»•>•*»■». Rutherford, Robin™ and Clin™ 

; ; ‘ ''» “T ° f radon ° f * he ““Sncic spectrograph 

be wrapped thin metal foils. The *rays emitted by the source 
0 f:SlTr d r y electrons from the metal sheath. The foils were 

f sufficient thickness to stop most of the primary electrons and t,, 

•Maggie Widely even the most penetrating ones among them so C 

St. of” t d h"! * ‘ d 6 f r 7 p - r * ys »» .he plate. In 

lh » producing The obeerved line epeirum a, p“e!v 

fere. l '" r ' wa “ no ch,noe for an > primary ?.ray« Ji„i,J- 

tlie ‘ru r ney l replacing .he i.ejger eonnt-T by a Faraday cylinder i„ 

P-^rticle. gfaeW^r'SndTy dWermit^dCiVe” .Tt^ °' 

irons per^atom^DDrox^tli^ 8 ^ e “ itted ' g‘ ves off J -25 elec- 

ejects only one electron per It^ Th? excels pin° t l' em i SSi ° n ’ 

^y“ d “« “ .he secondary ^efeewons ‘emitted byThe 

“<«r« A T‘t£ TrLZT r™" dlfficul ‘y “me from the emlmums 

that this dffficu tv if unsor , ra - F ° r ‘l 16 present ’ ifc ma y be noted 
pretation of tlm’orimnlf^ 8 *°T enou g h to ^‘to the inter- 

smce a transition between^ two** nuclei S lven abov e, 

quantum states in the nuclei.* ™ ^ ' d . efined neu tron and proton 

a discrete and not tol’1‘1- can g^e rise to the liberation of only 

and not to a continuously varying amount of energy. F 

_ _ . * * . 


rendered unstab”bv In . 8 eneral * a body excited and 

aoie by some means, either external or internal, emits 
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radiations. For instance, a body heated above the temperature of its 
surroundings emits heat radiation. An atom when excited emits also 
radiations comprised between infra-red and X-rays, the various 
phenomena occurring according to^the degree and nature of the ex¬ 
citation. Similarly, a nucleus expited, say during a disintegration, 
can emit radiation^. In every one of thesp cases, when the excited 
body returns to its normal state, the excess of energy is given out in 
the form of electromagnetic radiations. All these radiations are pro¬ 
pagated in space with the same velocity, viz . that of light. Accord¬ 
ing to the classical electromagnetic theory, these radiations take 
place in a continuous fashion, which is what is ordinarily observed in 
the macroscopic bulk state. But the quantum theory has formulated 
a discrete discontinuity in the way in which radiations are emitted, 
which is actually observed in the microscopic atomic state. 

According to this general principle and given the fact that the 
Y-rays are electromagnetic in nature like other radiations, one might 
say that these rays emitted by radioactive nuclei are merely the ex¬ 
cess of energy radiated away in the form of quanta by the excited 
nucleus returning to a more stable state. That this is actually the 
case is established from the following experimental facts :— 

(t) The y-ray emission usually accompanies the a- or disintegra¬ 
tion of a radioactive nucleus. Owing to the departure of an a-particleor 
a ^-particle from the nucleus, the latter becomes excited and hence 
transition can take place from this excited state to another of lower 
energy with the consequent emission of the excess of energy as a 
Y*ray. If there are several states lower than the excited one, transi- 
' tions may take place to these various states, giving rise to y-m ys of 
different energies, as is proved to be the case by the experimentally 
observed Y _ra y * spectra. It is to be noted that y^tays are e 5 n . 1 ^’ 
ted in every a- or p-disintegration ; certain atoms are known to disin¬ 
tegrate without emitting Y-rays : e.g RaE emits (J-particIes without 
Y-ray emission. 


(u) The frequent emission of y-rays in artificially provoked nu¬ 
clear reactions. It is the rule rather than the exception that artificial 
nuclear disintegrations lead to excited states of the resultant nucleus. 
The change brought about by a nuclear reaction manifests itself not 
only by the departure of a particle from the nucleus but also by the 
rearrangement of the remaining particles in the nucleus with the 
emission of Y-rays. The time taken for this emission is normally 
very small, of the order of 10* 12 sec., unless some other circumstances* 
introduce a delay. 

The origin of the Y-ra}^ having thus been fixed, investigations 
were made to determine the exact moment of their emission, 

whether before or after the disintegration particle has 1 
the nucleus. 


In the case y- rays which accompany p- disintegration , Ruther¬ 
ford, Ellis and Wooster, experimenting upon the secondary P-rays 
and X-rays produced by the Y-rays have shown that the Y-ray 8 are 
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noitted fl/(er the parent nucleus has changed, i.e., after the 
disintegration electron has been ejected. This means that the resul- 

' jnoduct nucleus is left in an excited state, which therefore re 
turns to the normal by the emission of y-rays. 

As regards the y-rays associated with" a- disintegration, there are 
reasons to believe that the y-rays may he emitted either before or 
after the departure of the a-particle, although 4 the latter is the more 
common occurrence. We shall deal with this point more in detail 
when we speak of a-ray spectra, to which it is closely related. 

It may be noted that as the emission of y-rays involves no 
change in nuclear charge or mass, being analogous in this respect to 
< lie emission of radiation by atoms, there is a tendency nowadays to 
restrict the term “radioactivity” to the emission of a- or B-particIes 
alone. But, it might be argued against this opinion that although 
light quanta are never considered as a constituent part of an atom 
their mass in the form of the energy of the electromagnetic field 
makes an appreciable contribution to the total mass of the system. 

SPECTRA OF THE RADIATIONS FROM NATURAL RADIOELEMENTS 

A. close analysis of the three radiations emitted by radioactive 
substances shows that all of them have a spectral distribution as re¬ 
gards their energy, but each one a special type of its own. Thus the 
a-rays have a fine structure, the (3-rays a continuous spectrum and the 
y-rays highly monochromatic lines. The study of the a- and y-rav 
spectra is, in a certain sense, more important than that of the 0-rav 
spectra, since the former two furnish valnablo data about the inter- 
nal structure of the nucleus, viz. , the existence of nuclear energy levels 
while the laoter, on account of its continuous nature, gives no such 

anaTvsi^^f™^ 10 " ° f W * at “ ha PP enin S insid « the nucleus. But the 
8 . f' ra - v . spectra appears to be the more important from 

teredTn ^°' nt h of vlew * 8 ! nco . m spite of the great, difficulties encoun- 

eShiM eonSu ln * er P retatio i 1 > it has been able to make the 

to nuclear physics n ° W n ° Vel entity Called the neutrin ° 

oftheThrcJ'wK i 8PeCtra ^ t l le m ° Sl easil >' studied and interpreted 
vcs a t” ’, ^ ,le a P[°P er understanding of the a-ray spectra invol- 

of the snei lfth th r Y : ray S P ectra ' Hence - giving an account 

the p fays ^ ^ 4,10 Y ' rayS> the " the a ra y s and finally 

GAMMA RAY SPECTRA 

me;i n/nf r.r,. r ^i S|,,;C . lra ’ "V? f °" cases > ha vo been studied directly by 

Cf * mT ^1?™ T g l ( . Ru ‘ h8rf0 «* a nd Andrade, Thibaud. Fridley, 
ins no doubt* , 'though this direct method has the advantage of leav- 

ystal being too coarse to produce diffraction effect with 
53 
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them. Consequently indirect methods based on measurements of the 
secondary electrons produced by the y-rays have been developed. 
There exist three such methods, viz., 

(i) the natural secondary (3-ray or the conversion electron method, 
(u) the excited secondary electron or the photoelectron method and 
(Hi) the Compton electron method . 

The first two employ a magnetic spectrog»aph, while the third 
a Wilson’s cloud chamber for the experimental technique. As the 
first method is the most important of the three and has provided al¬ 
most all the available information about y-ray spectra it will be des¬ 
cribed somewhat in detail, while the other two will be more briefly 
stated. 




P 




/ 


Lise Meitner 


The natural secondary (3-ray method. This method, first 
worked out independently by Ellis and Meitner, in 1921, is based on 

f the phenomenon of the internal conversion 

of y-rays, which, as we have already noted, 
can be regarded as a special case of the 
photoelectric effect, in so far as the y-ray 
quantum issuing from the nucleus is absorbed 
in the extranuclear electronic structure oi 
the disintegrating atom itself and thereby 
liberates the electrons found there. But ac¬ 
cording to the wave-mechanical theory, this 
interpretation is shown to be imperfect, as 
there is also another possibility of a direc 
mechanical,transmission of energy from the 
excited nucleus to one of the peripheral elec¬ 
trons of the same atom. Whatever be t e 

Lise Meitner theoretical explanation of the process, the 

effect produced is the same as in the external 

photoelectric effect, but with two additional advantages, viz., (*) ® 

probability of the yield of electrons being greater on account 01 
internal nature of the phenomenon and (ii) the spectral nnes p * 
duced by the internal conversion electrons being better detinea 
sharper than those obtained in the external photoelectric effect, 
account of the better elimination of absorption effects. 

Principle of the method. With every y-ray emitted by th ® 
leus, provided it is intense enough to act upon the various Jjw 
shells of the disintegrating atom, a number of secondary p*rays 
be emitted having energies 

/tv — Wk, hy — Wlj, hy — etc. 

where v is the frequency of the y-ray and Wk* Wl x » 

are the binding energies of the different shells involved. These p-rays 
are called natural to distinguish them from those P r ?£"° e< L'” from 
ternal photoelectric effect and secondary to differenti 
the primary disintegration electrons. 
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_ measuring the energies of these secondary electron 
and ife n n^Vh Pe f tr ° graph and Usihg the above relations 

and hence the frequencies of the primary y-ravs can bf 

duced, remembering that the binding energies W K W L 

h°as al EZavSL at T and n0t t0 the P arent atom, since t 
not from thifnr? 7 '“’ , C ° me from the excited Product 

not irom the original nucleus that disintegrates. 

Piiio A PP?f atus - Tho experimental arrangement first 

far tn i Mcitner and modified b >' subsequfnUnvestSlt 

Mini “ agnetiC s P ec 'trograph use d q by ^ 

Maurice de Broglie and Robinson for X-rays , ,, 

radioani- 147 ‘ n In EIiia s experiments the 
radioactive substance which was the source 

of Y-rays, say RaB. was placed on a fine 

262^ ^ A "£ ar a thi ° k lead block B ( F ig ~f~ 

fbfv'ar^ ph f ogra P hic Pl»to PP was suit- l ' 

She sou ce fr °Th ^ ^ radidtio ^ £*n -^ 

in a hichlv wh ? ® apparatus, enclosed Fii 

ignly evacuated box A, was placed in Magnetic 

a uniform magnetic field aetino 1, of E]lis fo 

SthlfcSITS *’ S ** '““W f™. 8 h cir< 

f*Wy -vide slit W ,„d m »dt to 8 Xik° e “the’ 

^nc electrons havincr + itr, « nKe photographic 

of the same radius fnd woukTthSoreTe fo deS< f ibe cir< 

her of fairly sharp line^m^ tbe P Iate "’as develo] 

?tc. The Adjacent photo wh "’ ere ( ound at different poir 

!* shown, was obtained by Elhs C ° Tt 7 . * Part ? f the s P ectrl 
by the secondary conversion eWt 11 Seen that the lines 

n uous snepfruw, i.,_ .i . ^trons are supernosed on 



the secondary ^ray spectrum of KaB (Ellis) 

iZ mi Vv i 0 n y the frequencies of the y-rays from th. , 

' eTe first determined bv knowin P * dmg . t0 the different 
d the diameters of thelsorresnoifn- ° 8 * ren S tb °f the magnetic 
'• etc -. the relativistic formula hf> lng Cir j U l ar P a ths, given by 

* he *— -vls^ursa 
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the electronic shells of this type of atom whose atomic number is 83. 
Het$© the binding energies of the shells involved could be obtaine^ 
from tables prepared with experimental data on the X«ray-spectra o 
bismuth (Z = 83) which is isotopic with RaC. It was then possible 
to identify the electronic shells fo which the electrons forming the 
traces originally belonged. The sum of the kinetic energy of ® n y 
group of electrons which had produced a given trace and the binding 
energy of the corresponding sholl was equal to the energy hv of t e 
exciting y*ray, which when divided by h gave the frequency v. 
When several p-ray lines arising from a single y * ra y were observe , 
there could be no doubt about the interpretation When a num e f 
of y-rays of different energies were, however, simultaneously ia 
volved, the analysis became somewhat more difficult, but coul e 

achieved with a little skill and care, as was actually done by 18 

and Meitner. 

As an illustration of the method of procedure, the data of one 
of the experiments of Ellis on the y-rays emitted by RaB is given 
the table below. 

Determination of y-ray energy from the lines of the 
conversion P-ray spectrum of RaB —► RaC . 



Line 

No. 

(3-ray energy 
in eV 

Conversion 

shell 

Binding energy of 
tl»e shell in eV 

Y-ray energy 

1 in eV 

I 

0-3674 x 10 6 

Li 

0*1634 X 10 s 

0*5308 X 1° 6 

2 

0-3737 „ 


0*1567 ,, 

0*5304 „ 

3 

0-3963 „ 

^-*111 

0*1338 „ 

0*5301 „ 

4 

0-4885 „ 

M a 

0*0399 ,, 

* 0*5284 „ 

6 

0-4910 „ ' 

M lt 

0-0368 ,, 

0-527S „ 

6 

0-4966 ,, 

Min 

0-0317 „ 

0-5283 „ 

7 

0-5190 ,, 

Nj 

0-0093 „ 

0*5283 ,, 

s 

0*5264 „ 

O 

0-0020 

0*5284 „ 

* 

4 

* 

Mean Y' iu y energy 

r — 0-5291 X I0> eV 


It ie seen from this tabulated result tnac a ^ - j n dary 
0-5291 X 10 r > eV from RaB gives rise to a group of «ght sec« ^ 
p-ray lines. As RaB emits several Y-rays of different energ ^ 
actual interpretation of experimental data is eviden y 
cated. 4 

It will be noticed that in the present case conversion 
K shell does not take place as the binding em rg}' ^ tuin jn- 
(0*9 x 10 5 eV) is much greater than tho energy ot tne y*q 
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e (GW x 10- cV), The other y-rays of RaB, however, eject 
e cc rons from the K shells on account of their high energy values, 

, . Wherever possible,, the frequencies of the y-rays determined by 
.* me ^hod have been checked by independent measurements with 
i ^ s i ig method and good agreement has been established. 

i ®*citcd secondary electron, method* This method 

ase on the external photoelectric eifect consists in a magnetic an- 


V 206X100 265003 


Spectrum of secondary (3-rays produced by the v-rays of 

RaB in a lead foil (Thibaud) 

m«L C f Cited in a lead foil hy the Y-rays of RaB demons- 
magnettc spectrum of the secondary electrons recorded in 

l '' A “umber of traces is seen of which three are more in- 

, fi)i !?" t '" U ° US background due to primary p-rays will be 

3 and H, ted l n , t r 1 ? 1 mothod ’ asthe y are absorbed in the 
e to ,rvT T eta , 101 at the sou rce, but there is still a back- 
iare e lectrons resulting from scattering of y-rays. 

t of the !d >h? US i e than j hose obtained in the other method 

certain l S ? W,n ® down of the Photoelectrons which 

tain depth below the surface of the metal foil. 
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But this method has a decided advantage over the previous one, 
in that it lends itself to an easy determination of the frequencies of 
several y-rays at once, wherever possible. Let us illustrate this point 
taking the case of RaB cited above. The three intense lines in the 
photographic plate correspond to energies of 1*53 x 10 5 , 2*06 X 10 s 
and 2*65 x 10 5 electron volts. The same three lines are recorded with 
different metal foils but are shifted fn position in such a direction as 
to indicate that the corresponding electrons have less energy the 
greater the atomic weight of the metal used. .The change in the 
energy of the electrons from one metal to another corresponding to a 
given line agrees closely with the difference of the binding energies of 
the K shells of the two atoms. Hence it follows that the electrons 
causing the three lines are expelled from the K, shells of the respective 
atoms by three different y-ray frequencies. Applying Einsteins 
photoelectric equation hv = Ek + Wk. where Ek is the measured 
kinetic energy of the photoelectron and Wk the energy required to re¬ 
move the electrons from the K shell of the atom, the energy hv of the 
incident y-rays is obtained, assuming the value of Wk known from the 
X-ray spectrum of the metal used. Thus for lead, Wk being e< 5 ua ^ 
0*88 x 10 6 eV the energies of the three lines are 2*41 x 10*\ 2*94 X IV 
and 3*52 x 10 5 eV. Data with different metals lead to the same 
values of the y-ray energies, although Wk is different ^ or 
Thus there are three lines in the gamma ray spectrum of RaB having 
above given energies . The other lines recorded in the photo are ue 
photoelectrons ejected from the other shells L, M, etc. This does no 
mean that there are no other lines in the y-ray spectrum of Ka 

The Compton electron method. This method, first employ 

ed by Skobelzyn, depends upon the observation of the Compton e 
J J * trons produced m the gas 

of a Wilson’s cloud cham¬ 
ber and the determination 
of their energies by mearfs 
of an applied magnetic 
field. The source oi 
y-rays is placed at some 
distance from the cham¬ 
ber and a canalised beam 
of y-rays is sent into the 
chamber through a 
screened window. Whif 
traversing the cham ® 
the y-rays are scattered 
>w ih? air in it and Com- 

Compton electrons produced by the y-rays oy , are eject- 

ed. The expansion chamber being placed in a sui paths, 

field, these electrons describe circular, sometimes ^ "P.. 0 f 

which can he photographed with a fairly strong 1 n f the tracks 

chamber at the moment of expansion. One such p —. .q , c*). 
of the Compton . electrons produced by the y-rays o 




* * 


*v* * 


\ 
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taken by Skobelzyn, is reproduced here. From a photographic record 
ot this type, the energy W corresponding to each electronic track can 
e c etermined b} r knowing the strength of the magnetic field and the 
radius of curvature of the circular path ; tiie angle 9 which the initial 
direction of the electron track makes with that of the primary beam 
can also be determined. Then using Compton’s relation, 


where a 
deduced. 


W = 


1 + 2 a + (1 -{- a ) 2 tan 2 9 

, the energy Av of the exciting y-ray can be 


Thi® method has con firmed the existence of sharp line spectra 
11 ■ 1 emitted by radioactive substances. It permits also 



Fig. 263. y-ray spectra of ThC + ThC" obtained from the 

study of Compton electrons. 


- re ^ a kle estimates of the intensities of the y-rays than the other 
Y 0c * s * Counting the Compton electrons produced by each 

thft °^ a ®* ven frequency v, the number of primary quanta for 

j* f y alues °f the frequency can be deduced. This gives the 

auant U ! ? n ^ n ^ en ®^y * n the y-ray spectra. The number of Y-ray 

be r« a W ose 'energies are contained in a small constant interval can 

to th? re8en ^ e< i ky a graph of the type shown in Fig. 263, which refers 

of ^C anc * ThC". It is seen that among the y-rays 

which ifl * there exists a group of very high energy, of 2*65 MeV, 

ternni „« ln agreement with the results obtained by the in¬ 

ternal conversion method. 



840 


PHYSIOS OF THE ATOM 


The chief drawbacks of this method are : (t) energies are not 

measured with the same high degree of accuracy as in the other 

methods, and (ii) only the stronger lines in the spectrum are easily 
detected. 

It may be noted that all the three methods require fairly strong 
sources for their success ; hence they are applicable chiefly to the 
Y-rays emitted by natural radioelements. 

Results. Meitner and Hahn located forty-nine lines in the 
p-rav spectrum of radioactinium. Of these, thirty-seven could be 
attributed to the action of one or the other of twelve y-ray frequen¬ 
cies. I hey also observed twenty lines in the spectrum of actinium X 
and explained fourteen of them by postulating seven frequencies. 
The spectrum of RaD consists of only five lines whose measurements 
show that they may be supposed to consist of electrons ejected from 
Lj, L IP L m , M x , and N z , shells of the product atom RaE by a 

single y*ray of energy 0*0472 MeV. Likewise the three lines of the 
spectrum of Ra may be ascribed to a single y-ray of energy 0*189 
MeV expelling electrons from the K, Land M r shells of the product 

nucleus Rn. The number of y-rays estimated for RaB -> RaC is 
five, for RaC —> RaC' nine and so on. The y-ray spectra thus far 
mapped out consists from one to fourteen frequencies. The highest 
frequency y-ray having an energy of 2-65 MeV occurs in the spectrum 
of ThC", while the next in merit with an energy of 2*2 MeV is found 
in the y-ray spectrum of RaC. 

The substances which emit y-rays emit also characteristic 
X-raj^s since the internal conversion of the y-rays leaves the atoms 
in excited states, which in returning to the normal state should emit 
characteristic X-rays. These X-rays have been observed and mea¬ 
sured in several cases and afford additional checks on the assignment 
of the origin of the ejected electrons. Often, however, instead of the 
emission of an X-ray photon, the emission of another electron by a 
secondary photoelectric effect known as auto-ionisation or Auger effect 
is observed. The presence of these tertiary electrons is bound to in¬ 
crease the difficulty of interpretation of the natural secondary p-ray 
spectra. 

Nuclear energy levels. The study of y-ray spectra has 
led to a very important result concerning the nucleus, viz. the exis¬ 
tence of discrete energy levels in the nucleus. For, as was first sug¬ 
gested by Ellis, the different monochromatic frequencies actually 
observed in the y-rays emitted by a radioactive substance can be 
adequately accounted for only on the supposition of a number of 
excited quantum energy levels in the nucleus. 

Many attempts have been made to construct systems of nuclear 
energy levels based on the simple additive relationships found in the 
measured frequencies of the y-rays, but with only a partial success. 
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dubious ' h ° P- em,tfc 0 er3 tlie suggested schemes are highly 

indicatL ofth^, fi mar { p -f^ ctrum ' being continuous, offers no 
32d2 of the quantum levels, so that these have to be built solely 

Sr U nt of iL e t ^. a ' emitterS > ° ne fee,son surer ground, on 
spectra whiot J M i existln « between a-ra V and yray 

we shall see presentlv^the ,1®^ d ° Ubt in several eases > as 

presently m the study of a-ray spectra. 

alpha ray spectra 

1 »o measurement of velocities n f i 

it was "concl u ded^t hat “if 9 !} mental determination of their E/M value! 
active subset^camt ® mitted by a radio- 

ations due to th?J r h Sa “ 6 klnet,c ener gy. except for slight vari- 
the collisions in the ® a , USed by statistical fluctuations of 

tinned for quite a Z ^ (c/ ? 349 >‘ This belief con- 

was based upon it The 4 lC 9 e, ® er and Nuttall empirical law 

particles hav^ne m„eJk® * xistence of an extremely small number of 
® n 06 o^ 11^ ^i yi——■ ^ ^ _ i ^ main group and 

or two radioSl ^k a ; Part,cleS ’ dlscovered b y Rutherford in one 

early stages of the st»rl„ h ° , and RaC > even >n the 

8 cne stud y of “-rays, was treated as an anomaly. 

belonging To^he’L' 1 ' 8 ® 0 ^’' 7 -° f , a real fi ne structure in the a-ravs 
situation^changed™ntirMv°and h* l" by R u °T blum > in ]93 °- ^ 

more delicate researcheo^ “ * emitter had to be given up. Fresh and 

nite establishment and R ^f U * der ^ k ® n ’ Which re8u,ted In the defi- 

af > d the fine k^® interpretation of the long range 

idea was Kit? t™*'° f a ‘ rays - Thia revision of 

eerning the internal »tr, t * Ul ’ aS j ed to lm P°rtant discoveries con- 
to the exttence of ouir ® &nd a , Ctivity ° f the nucl o« 3 . especially 
a brief summary of q the ovn P r n ® r ^ I 6 " 618 , 1 " ft ‘ ' We s ball give here 

and of the theoretical ® xperi . mental study made on a-ray spectra 

ln g up to the construction a f atl01 ? ° f the re9uIts thus obtained, 1 lead- 

construction of nuclear energy levels. ; 

lotion mette»”f c r ! ‘p a ?foi Pa pf*^ les L were ^< discovered by the scintil- 

tb e ranges of tht a m art Se fi and W o°d, in 1916, measuring 

a " d a spinthariscope fouirl ! T r y the Use of absorbing screens 
il'6 cms. ainonir th« ver ^ f ew particles with a high range of 

late? (19l9)“ ? mLSn mam Rrou P. of ra nge 8-6 cms. A few yLr S 
among the «. ra y 8 emhtTdbl P p rt p, les wero observed by Rutherford 
bis method, in snitd nf * - y ? a ^ using the same arrangement 

«“> ‘“■-h.ZTmV: rsJ? ? e, ‘°‘ cy * nd 

the observations are ocular and there is no 


f 
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tnent record lett behind except in the observer’s memory or 

In more recent years, three other more efficient methods have 
used in the study of these long range particles. 

The first of these is the Wilson’s cloud chamber ( cf . p. 349) 
Bans of which the tracks of the a*particles are photographed. 

Study of such photos gives informa- 

§ tion regarding the number of particles 

involved and their ranges. Now and 
then, on the same photograph, one or 
more long range particles are record¬ 
ed among an enormous number of 
normal particles, as seen in the one 

a^nd costly 

sufficient number of such photographs 

a ^1 * 

differential ionisation chamber 
method, was devised by Ruther¬ 
ford. Ward. Eewis and Wynn Williams 


Ward, £ewis and Wynn Williams 
, ^ • , in 1931. The differential ionisation 

° ng fro^KaC' lC * chamber is a very effective and sensi¬ 

tive device for detecting single charg¬ 
ed particles and hence well suited to the study of the extremely 
small number of the long range a-particles, almost lost in the over¬ 
whelming majority of the normal group. It consists of a pair of very 
shallow ionisation chambers separated by a metal foil, of negligib e 
thickness, which acts at the same time as the negative electrode o 
one of the chambers and the positive electrode of the other. ® 
charge collected by this special electrode is then the difference e - 
ween the ionisations in the two chambers which can be measnret y 
connecting the electrode to an electrometer through an amplifier. 

If the chambers are traversed by a particle which is yet far 
th p; And of its ran ire. the difference in ionisation will be sma an . 




alpha bay spectra 



Rutherford and his co-workers analysed, in this way the Ion 

range ot-particles of RftC and obtained a curve oj the tvpe shown i] 
Fig. 264. The range, 

which is given by 1 * , 

the thickness of the g[ f j 

absorber, is express- ufc! p ! ; 

ed in air equivalent ; j i5 J J 

the relative number j ) 

oj particles referred g j rj l | 

to unit time is obtain- g rW l| 

ed from the electro- / I 

meter readings. The |f8 /I A 

otirve shows a high 17 / J l s\ I \ 

peak (not completed ^ L J j \ J \ pA V/J\ 

in the figure) at a 1 ^ 1 \ 

range of !) cms. ; to *3 [ 4 , * ! I \ 

the left of it, there 0 ? J j | j \ 

is a much lower peak ^ J 1 1 

at a range of 7*8 2 1 J J 

cms. ; to the right 1 ! 1 • 

a wavy curve with v—-* 1 1 ‘ ‘ A * * * . 1 - 

four distinct maxima 10 * ? S 12 

which the experi- ' Cm*. 

menters interpreted i?* t 

an fl r Fi s* Long range a-particles from R&C— 

Uperposition of differential ionisation chamber methbd. 

seven peaks. Even 

th -!k*L leSt of the P eaka j ust mentioned (9 cms.) is nothing compared 
with the one that would correspond to the principle group of RaC' at 

°“ 8 - r ® ng « (not shown in the figure). The estimated abundances 

1 • IT. «> 1 C /^ S TT 9 cms ” and 6-9 cms - g rou P s are in the ratio of 

. ' . : ,. x . 10 • Yefc the differential chamber is able to detect them ■ 


.. raeth0fl °f investigating the long range particles is the 
Rii tfi^ IC - S P e f^trograph with annular magnet, devised also bv 

in a ” d r 1 S L C °i leagues - As this apparatus is verv effective 

we cl.fi nalys J 8 °/. the fine structure of the normal particles as well. 
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cmar pole-pieces 7 a cms. in 
, 1 diameter and 6 cms apart, 

ricapable of producing an essen- 
' un ^ orm fifld of 25,000 

cms. in diameter. After passing 
/'• "j£y through collimating slits, the 
I " 1 y " ■ * ■ — ■ *« 1 *' — ' - V?^SSr^‘ A m '.ts j, } . ' a-particles were deflected 

Fine structure of a-particles through a semi-circle by the 

of ThC. {Rosenblum) magnetic field and made to 

fall on a photographic plate. 
High vacuum was maintained in the semi-circular box which contain¬ 
ed the source at one end of its diameter and the plate at the other. 
In this arrangement, all the groups of particles of different speeds, 
deviated simultaneously in circular paths, each of its own particular 
radius, fell upon the plate producing what looked like an optical line 


The photographic record thus obtained by Rosenblum with the 
a-particles of ThC, the first to be analysed, is reproduced here, hour 
lines are seen in it, but some plates after long exposures have shown 
as many as five. The lines marked a x and a 2 are very intense as they 
correspond to ranges very near the mean range and hence the num¬ 
ber of particles having those ranges is very great. The two other 
feeble lines marked a 3 and a 5 are due to particles of lower range an 
their number is necessarily small; a 4 is not recorded at all on accoun 
of its still smaller number. To have a concrete idea, the relative 
numbers of particles that go to produce a lf a 2 , a 3 , <x 4 and a 5 are in 
the ratio 27*2 : 69*8 : H8 : 0*16 : IT. The respective velocities ol 
these groups as calculated in the usual way with the magnetic s P ec ’_ “ 
rograph data are 1*7108, 1*7053, 1*6651, 1-6445 and 1*6417 X W 
cms./sec. and the corresponding energies, including the rec ^ 1 / : er i^ r f^ 
of the residual nucleus, are 6*201, 6*161, 5*873, 5 * 728 , 5*/09 © * 

These sharp traces clearly indicate that the normal a -particles from 
are emitted with several discrete velocities , though closely space ( 
the name ‘fine structure’), and not with velocities varying con i ^ 
ously over a narrow range, as would be expected from the s a is i 

straggling effect. 

Rutherford and his associates in the Cavendish laboratory ^modi 
fied in 1933 the technique of the magnetic spectrograph use i 
study of a-ray spectra in the following ways 

(a) Instead of solid disc-shaped pole-pieces, narrow circular 
rings were used, which reduced the amount of magne isa o , 
and, in consequence, the weight of the apparatus to a grea ex 
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(®) The source of a-] (articles was placed in the narrow annular space 

' * 1 * IM 5 * ! ’ '* I'ho rings at one side, while on the diametrically 

opposite side, the photographic plate was replaced by a simple ionis¬ 
ation chamber connected through an amplifier to a Wynn-William 
thyratron scaling system, by means of which individual particles 
arriving at quick succession could be counted accurately, (c) Arrange¬ 
ment was made to vary the magnetisation of the rings over sufficient- 
y wide limits, so that the field strength could be adjusted step by 
step in order to bring group after group of the a-partieles to the ioni¬ 
sation chamber. Although this entailed the accurate determination 
o the field strength at the different stages, which was no oasv work, 
yet the very possibility of choosing any desired field strength com¬ 
bined with the very sensitive electronic detector increased the effi¬ 
ciency of the apparatus in the investigation of not only extremely 
weak groups but also the rare long range particles, (d) The annular 

space and everything within it was evacuated, being walled in bv 
means of a ring band. 



Uie apparatus constructed 
fixed radius of curvature, a varia 
detector, is shown in the == 
adjacent photo. The rings H 
were 40 cms. in radius, 5 cms. fiS 
broad and 1 cm. apart, jffil 
I he field strength was ad- 83 
justable up to 12,000 gauss, H 
which was sufficient for jl|] 
fc-particles of range up to kp 
and even beyond 11*5 cms. P| 
It was claimed that the ar- 
rangement could measure 
velocities accurate to i in fta? 
10 , 000 . 

Rutherford.Lewis and 
Bowden with this annular 
niagnetic spectrograph were 
*/ 0 . t0 . analyse the fine 
ructure. of the a-particles 
r< ? m several radioactive 
substances with great accuracy. 

held strftncrfll il. _ 


peaks r^,w rt ! S l thp / 0W{? . m "fi ,e P art 'cles, working with RaC', all tho 

e j the differential ionisation chamber were clearlv 

V * 
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separated, a hump which had suggested two groups was resolved into 
three maxima, and an extra group .was discovered. Thus it was 
shown that there were in all 12 groups of long range particles from 
RaC'. Only two groups of long range particles were found with ThC\ 
one at 9*7 cins. and the other at 11*54 cms. which agreed well with 
the results obtained by the measurement of more than 500 cloud 
chamber tracks of long range particles of ThC\ This fact indicates 
also the advantage of the magnetic spectrograph method over the 

cloud chamber method from the point of view of economy of cost and 
labour. 


More recently, in 1940, Roy Ringo, in America, has constructed 
a magnetic spectrograph for a-ray analysis, which claims to have 
overcome certain inherent defects of the methods of Rosenblum and 
Rutherford, such as the immobility of the Bellevue magnet, which 
prevents its use in conjunction with reactions produced by artificially 
accelerated particles, the background effect in the detector of the 
annular magnet method caused by contamination and cosmic rays, 
which necessarily limits the accuracy of results, the impossibility of 
repetition of experiment in quick succession, arising from the fact 
that the source and detector are placed in a highly evacuated region 
inside the magnetic field in both the methods, etc. 


In Roy Ringo’s apparatus, diagrammatically shown in Fig. 205, 
the particles are deflected through an angle of 60° by a curved 

magnet. The source of 
■ — a-particles S as well as 

I—-L—... - the detector, a photo- 

\ B graphic plate P, are 

\ / X. placed outside the mag- 

\ netic field at a distance 

I of about 40 cms. The 

J N. distance between the 

/S' - ■ .. ^ X y __ pole-pieces is lvV / a Bd 

if EES 1 P there is an adjustable 

^ slit A at the entrance to 

Fig. 265. Roy Ringo’s magnetic spectrograph field. The , 

for the study of a-ray spectra. apparatus was enclo 

in a brass vacuum case 


B inside which the pressure is reduced to 10 3 mm. The arrange¬ 
ment weighing 1200 lbs. is mounted on a movable truck. 

The salient features of this spectrograph, according to its 
author, are a great resolving power as high as 1300 and the unerring 
detection of even single a-particles from their traces by a microscope 
examination of the plate. It is also claimed that in 1 in every 70,000 
of the emitted particles could be got inside the apparatus. 

Results. A great majority of the twenty-five known natural 
a-emitters has already been analysed. -The a-ray spectra of some o 
them obtained by Rosenblum are reproduced here (Cf. next page;* 
The results of these experimental researches lead to the conclusion 
that a-ray spectra may be divided into three categories :— 
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(i) Those that consist of a single line as in the case of Rn, RaA, 
^o, etc,, which in consequence appear to have no fine structure . 

(u) Those that have two or more closely packed but distinct 
components of more or less the same intensity and hence show a well - 



a-ray spectra oi several elements {Rosen blura) 

defined fine stru C tu r e ye.g., ThC, An, AcC, AcX, RdAc, the last one 
haying as many as eleven components. The difference in ranee of 
adjacent groups is often only a few tenths of a millimetre and never 

rstraeeHne 7;,“ i“ etreS ' - AU u them 0CCurrin S ^hin the region 
for a long white 8Ur I™g that they had escaped observation 


mil k k**l Those having not only a main group but also others of 
j c jgherenergy, the latter containing, however, only an extreme 
y small fraction of the total number of Articles These exhHWt Thl 

£*•«*• P h ™r s ° f "’ °"'y LJllLfr't this 

This m^Ins b fh n /?t ? nd - VK -' the exlremel 'J short-lived RaC' *an<i ThC' 

“ n • tbat the e J ectl0n of a lo ng range particle is a rare occur- 

zzk r:fJr 

simnle ft t nH P n> e * at i 011 results * Gamow was the first to give a 
range” phenimena m??- 0 ” ° f th ° ‘‘ fine structure” and 8 “long 

observed inter reHt^o f “ *:f ay s P ectra and the experimentally 
basis of nuclear energy levels. ^ a ray anC ^ Y ' ra y sp ectra on the 

evident rme’fmm 0 ^ 6 S ° ,V , ed is ^ is : Since aI1 «-particles must 
given radioaSve s^hsi he nucleas > wh y should they be ejected from a 

same kind of identS i 6 ’- Wh -°k preSUmabIy is made U P of the 

identical nuclei, with a variety of discrete energies ? 

in thetxplaUtioVoVZ^ 'T* 3 haS , been a PP Iied wifc h great success 
part of the atom it is R * mature and properties of the extranuclear 

these phenomena 1“ n"™' ‘° attem P* a » interpretation of 

Let us suoDose that tv»o i ,sore te energy levels within the nucleus, 
energy levds ^ d ° 6X ' 8t in the nucleu s a number of discrete 
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The fine structure can then be explained by postulating that the 
nucleus resulting from the a -disintegration is left excited in different 
quantum states. If the energ 3 r released in the disintegration is in ex¬ 
cess of an excitation energy of the resulting nucleus there is always 
the possibility that it will be found in an excited state, the energy of 
the emitted a-particle being smaller just by this amount. In these 
cases, the spectra of the a-rays will show several discrete groups cor¬ 
responding to the different Quantum levels of the product nucleus. 
This excited nucleus will return to its normal state aj most immediate¬ 
ly b Y releasing the excess energy in the form of y-rays which must 
evidently belong to the product nucleus and not to the original 
nucleus. It .ill these suppositions are correct, the scheme of the 
energies of the various groups of a-particles turned upside down will 
give the scheme of levels of the product nucleus, and tho y-rays emit- 
ted by that nucleus will fit in that level scheme. These consequences 

of tlie proposed theory have been tested in several cases and found 
true. 


As a specific example, let us consider the fine structure of tho 
a-rays from ThC. We know that a ThC atom emits an a-particle to 

form ThC" which has a y-activity. Ex¬ 
periments show that the a-particies ejec¬ 
ted l> 3 r ThC exhibit a fine structure of 
five components a,, a 2 , a 3 , a 5 in the 
decreasing order of energy. When the 
most energetic oq group is emitted, the 
resulting nucleus ThC'' would be formed 
in its lowest energy* state. In the case of 
the emission of the other groups, ThC" 
would be left in correspondingly higher 
excited states. The energy of these ex- 

Fig. 266. Energy level cited states are readily obtained by the 

scheme of ThC". differences between the energies of the 

group a A and of the others. From the 
numerical values of the energies of the five groups, already given 
(Cf. p. 844), the required energy differences areO, 0*04, *328, *473, *492 
MeV. Turning these values, upside down we get the energy level 
scheme of ThC", as shown in Fig. 266. Out of the 10 possible com¬ 
binations between the five levels, six transitions, represented, by con-- 
tinuous lines, have been observed as y-rays within the limits of ex¬ 
perimental accurac 3 ^. The other four theoretically possible y-rays. 
represented by dotted lines, have not been observed, either due to 
their feeble intensit 3 T or some nuclear selection rule which forbids cer¬ 
tain transitions. It may be noted, however, that there are other 
y-lines actually observed with ThC", which are not indicated by this 
method of analysis of observed fine structure ; but they also can be 
accounted for by the introduction of an additional level at 0*629 MeV 
(not shown in figure). 

The long range particles emitted by RaC' and ThC' can also be in¬ 
terpreted in terms of nuclear energy levels , provided it ts assumed that 
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:t:r l r ?/ 0re ^disintegration can exist in different quantum 

preceding' a£i excit T ed as f feSuIt of ifcs own formation from a 

L„ fcake g nl nteg * atl ° n • In such a cas e two alternative processes 

to its norma^stait & emitted, bringing the nucleus 

tion or (,v\ A * 4 ’ a . nd , thlS may be follou ' ed b y normal a-disintegra- 
enerev of the ev*? 4 ! 1lcUs . ma y be emitted taking with it the excess 
rise to a 5? ucleus ’ T,le second process will evidently give 
particle ^ P f tlC 6 W l ° Se energy 1S rauch h 'gher than the normal 
Sed iicleus tof r grangepartide - The Probabilities of the ex- 
tional to h?r °“° W ° ne Way or the other are inversely propor- 

nucleus with resn^T “ ean lV ? S- . Smce the mean ,ife of an excited 
of 10*12 sec hen P ,l * 7- ray eraiss,on is extremely short, of the or<ler 

high enervv' * T shorter than the usual mean lives even for 

common oc^currm^e C 0 ®“ ws . 10n > fi rst process must be the more 

a-emission actnallv t 1 SP | lte °. f tbl8 fact > the alternative process of 

This must then b^kwrih,,ted°to ?lf > su ^ h RaC' and ThC'. 
these nuclei w"th respect to a CXtramaly short "»® a n lives of 

of magnitude of lo Cd o- wh !? h are actually of the order 

lived amontr the M.dinonf- 10 * *n fact, the shortest 

place only with anoml T & r “ S ' f Urther ’ SUch a P rocess can take 
of the law of inver^^r^nffrA fas h° r !“ n g ran S e f-particles on account 

range in the case of a- particles^ betw "f en mean life and 

nuclef are necessarily l^t in^xcited^stotes^ 116 t0 ^ feCt th&t n0t a11 
range a-parUclTo^ertTe^m^ 001 ^ 01 ’ the CXtra Gnergy of the lon g 

the y.ray emitted in the m ° ne P roceys and the energy of 

•f there are several grom.s oHonT 6 Pr ° CeSS be equaL Fu «her, 
must correspond a dffferent f J g ° partlcles . to each of them 

each one o/them must tod.V^t r 6nergy ° f the nuclous and hence 
data derived from the am & a discrete energy level. With the 
energy l eve ] 8 c t v, eref g , P S , of lon g ran 8 <; particles, the nuclear 

combined, must account for rf T L hese Jeve,s > conveniently 

longing evidently to the ac , tually observed y-ray spectra, be- 

as m the previous cate (fine'structure) 5 ™ t0 th ° Pr ° duCt nUcleus 

»nge a-particiremitters r ThC /P a e 1 P r-° tWO , known cases of long 
c the theoretical Predictinne i- *i + a , , satisfactory confirmation 
the case of ThC' it i* r 1S obtalac d. Thus, for instance, taking 

might well leave it’in » S fo F“® d by ^-disintegration of ThC which 
Tbb. by theemissLnof 11 CXC !! ed , 8tat6 c; ThC'transforms itself i A to 

com- T ^ C ' atoras niay a Sto B rato S0 “ e t 0f ^ exceedin g>y abort- . 
coming ThD before the Leito^mk^* ’ f ‘ ] jectln 8 an “-particle and be- 

•!»»* iff l° n 8 range particles. Er peS 

64 h on S groups are emitted by ThC'. 
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This means that the ThC' nucleus can be initially left in at least two 
excited, states. Three transitions between the two excited states and 
the normal state are possible, and lienee three lines would be expected 
in the y-ray spectrum of ThC", Of these, two have been actually ob¬ 
served, whose energy values agree closely with those calculated from 
the data obtained for the two long range groups. In a similar manner 
R.aC can be studied, although the analysis becomes more complica¬ 
ted on account of the many long range groups and y-ray spectrum 
associated with them. 

Gamow s theory, therefore, not only gives an essentially correct 
explanation of.the origin of the line structure and long range ct-parti- 
cles as well as of the y-rays of a-emitters, but also a convincing proof 

for the actual existence of discrete, quantised energy levels within the 
nucleus. 


BETA RAY SPECTRA 

The main interest in the study of (3-rays proper lies in the fact 
that these rays have a continuous energy spectrum which has raised 
a very difficult problem in nuclear physics. Before we consider the 
ingenious attempts made to solve this knotty point, we shall describe 
briefly the experimental methods in use for obtaining the velocity 
distribution of the primary S-rays. 

There exist two chief methods for determining the energies of the 
(3-particles emitted by radioactive substances, viz., (i) the magnetic 
spectrograph and (ii) the Wilson's cloud chamber . 

The magnetic spectrograph method. The basic principle 
of tliis method has already been explained in several places, in con¬ 
nection with the photoelectric effect of X-rays (p. 447), y-ray spectra 
(p. 835) and a-ray spectra (p. 843). The experimental technique in 
the case of (3-rays, however, assumes the following three different 
forms : — 



(a) Th : photographic plate. 
off bv the radioactive substance 


In this technique the (3-rays given 
under study are bent by a constant 
magnet ic field in such a. way 

tli at they traverse semi-circular 

jSI paths and then fall on a photo- 
graphic plate. ( 3 -particles o 


Magnetic spectrum of .S-rays from 
laE — (a) central ray ; (b) the begin 
ning of a continuous band. 
E wo;e = 1-3 MeV (J. d’Espine) 
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rum of (3-rays of.RaE obtained by ,T. d’Espim 
reproduced here. 

(6) The Geiger tube counter. In this 
Chadwick, the photographic plate is replaced 
tube counter, by means 
of which P-particles enter¬ 
ing it can be counted ac- ' • [ | ■ < 

curately. The expert- I I] 

mental arrangement is j 
shown in Fig. 267. The % 

source S is the radioactive 
substance coated on a 
fine wire. A and 33 are / 

diaphragms used for limit- 
ing the beam of (3-parti- ■ 

cles. 0 is a Geiger counter 1 

covered with a thin sheet S \wC& 

of mica M, which is ar- 

ranged in the plane which *—*-- W//M 

the plate formerly oc¬ 
cupied. I) is a movable 

screen by means of which Magnetic spectrograph with 

the (3-rays can be inter- Gei e er counter for detecting (3-particles. 

protects th,. l o evei + lted f fr0m reac,ling tlle counter. The lead block 
protects the counter from parasitical radiations. 

field kS'?'"! the ex P eriment the strength of the magnetic 

the n.m,V,^ d f o ep by - S f ep and for each value of the field strength 
lar path of on ^ |,a ^ticles of a definite velocity traversing the circu- 

mined In t , n . Sfcant dlame ter SM and entering the counter is deter- 
be'cdHaiiuid.^ 18 manner the velocit y distribution of the (3-rays can 

error Farad( , ly c V l ^der. Gurney, in order- to minimise the 
cylinder an^ elecfcron8 > replaced the counter by a Faraday 

to e«W ri ng he magnetic fie,d a3 described above, was able 
reliable data f 8peCtrUm m succes sive steps and obtain very 

arrangement he" was of the Particles. With th?s 

primary electrons ls ° able t0 es * a,jllsh that the number of nuclear 
(p. 83if. 1 one P er disintegration, as already noted 

c^n^l^l } i q q J g l»i j, ^ ^ ■ . j es, where [3-rays of definite energies 
used by manv ot^ na '? e, | m a dlr !' < ' t and efficient manner, have been 

Scott, Lymann and^Conor*’ a f. ® chmidt .> Madgwick, Sargent, 

the method are • need of «ood ex P er,,nental difficulties of 

resolving power maW 8 d vacuum in the apparatus and of high 

tive par! P t h 0 !" lte , n . ance of uniform magnetic field in the effeo- 

slits and want ofL! Ub r° SOm - e scatteril ‘g effects from the walls and 
in vitiating the results* f ° CUSlng ’ a11 of which have their due share 


first us^d by 
er electronic 
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The cloud chamber method. The paths of individual (3-par¬ 
ticles from a radioactive substance, curved under the influence of 

a constant magnetic field, are 
photographed with the help of 
a cloud chamber. With a re¬ 
cord of the tracks thus obtain¬ 
ed, as illustrated in the adjacent 
photo, the energies of the 
P-particles can be deterrnmed 
from a knowledge of the field 
strength used and a mea¬ 
sure of the radii of curvature 
of the tracks. Counting also 
the number of particles which 
have the same radii of cur¬ 
vature and hence same energy, 
the distribution-in-energy curve 
can be drawn provided a suffi¬ 
cient number of tracks are 
available. 


Cloud chamber photo of (3-rays from 
KuK deflected and dispersed bv 
a magnetic held (M. Lecoin) 


This method, besides be¬ 
ing direct, is also spectacular, 
because the particles studied 
leave a permanent trace of their 
behaviour under well-defined 
conditions so that they could 
be analysed at leisure. But from the experimental side, the major 
difficulties encountered are : the distortion of curvature due to dis¬ 
turbing convection currents inside the cloud chamber, the mainten¬ 
ance of uniform temperature during operation, the fluctuations of the 
magnetic field, proper illumination of the chamber required for tak- 
i n £ photos of the tracks and correct measurement of the cur¬ 
vature of the tracks. As regards the results obtained, it suffers from 
the common difficulty of all statistical estimations in that a large 
number of tracks must be photographed to arrive at a fairly accurate 
conclusion. Many contradictory results may be obtained when differ¬ 
ent thicknesses of the radioactive substance are used. Further, if 
the specimen studied emits y-rays also, as is very often the case, 
secondary electrons of those y-rays will be mixed up with the primary 
disintegration electrons, and will, if the y-ray energy is greater than 
the p-ray upper limit, add a tail to the distribution curve which may 


lead to a false estimate of the maximum energy of the p-particles. 
In spite of the many difficulties, this method has been employed with 
great success in the study of the p-ray spectra of natural and arti¬ 
ficial radioelements by several workers, such as Champion, Kurie, 
Lecoin, Richardson and Paxton, Turin and Crane, etc. 

Results. The distribution-in-energy curves have been drawn 
fairly accurately for several radioactive substances. Some of these 
obtained by Gurney with the magnetic spectrograph are shown in 
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Fig. 2G8. P 

to a maximum and then decrei 
llus upper limit of the cue 
p-emitters, can now be tixe< 

tlle ,/ esearches carried out l 

> °'36 for ThB, 0-65 fo 
2-20 for ThC. 2-25 for 
definite m 
stance is 1 

spectrum, 
integratio 


laximum energy of the ^-particles from , 
probably the most important result con 
since according to present theories, it gi 
tW - n ener gy- It may l,e noted that althougl 

8 or 11 MeV a irn a it may emit a few P' r ^' s with 
limited t , he great ‘majority of the |3-n 

P-Parttcfl h , m ab ° Ut 3 MeV - Hei * cp - in genera 

between 4 and 9MeV about " °* ** *'*** 

curve ^n h tl!. the W ® 1I .* defined Upper Ii,nit * th « ex 
obtained VeFy ° W energ >' region is not at all 

experimental V?* n8 , ,8 . tent * w bich is evidently d, 
one won I, M ' ifficulties. To investigate the lov 

terine effeciT, t ° T the source a,0Ile >» order to 
ly itha« „„+» t0 tlle ve ry material that supports 

inferior limit Id? 6 *i P ° SSlble to ascer tain whether th 
to zero Ineitv u? 1 ? Upper one - whether the dis 

by the curves i Wb ! c 1 !s > however, generally presun 

rves passing through the origin in the a bo 

beighJand tha r t a11 t,l e curves have a definite 

8 and position of which danend .. w_ t . .. 
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p-rays. It is, in general, situated at about one-third of the upper 
limit. 


The essential feature of these experimental curves is evidently 
their continuous character which constitutes one of the most difficult 
problems of nuclear ph 3 7 sics. We shall now consider the attempts 
made to solve it. 


Theoretical interpretation of the p-ray continuum. The 

real difficulty of interpreting the observed p-ray continuum arises 
only when it is admitted that the continuous characteristic of the 
experimental curves means that the p -particles are actually ejected from 
the nucleus with a continuous distribution of energies . But this impli¬ 
cation appears certain for the following reasons :—» 

(а) Every radioactive p-emitter gives rise to a continuous spec¬ 
trum, whether it emits or not a line spectrum. This is true both for 
natural and artificial radioelements, as experimentally established. 

(б) In all cases, where reliable measurements have been made, 
the number of continuous p-particlcs ejected per unit time is equal to 
the number of atoms disintegrating during the same interval ( cf 
Gurney’s experiment p. 851). This shows that the p-particles res¬ 
ponsible for the continuous spectrum arise from the nucleus, since 
according to theory there can be only one electron per disintegration* 

(e) Sargent has shown from carefully gathered experimental 
data that there exists an approximate linear relation between the 
limiting maximum energy in the continuous p-spectrum and the 
decay constant of the source, analogous to Geiger-NuttalPs law in the 
case of a-rays ; the greater the decay constant the greater also is the 
maximum energy. Now, since the decay constant refers exclusively 
to the disintegration of the nucleus, it follows that at least the upper 
limit of the continuous curve must be attributed to the nuclear 


electrons. 

All these experimental findings, considered together, prove de¬ 
finitely that the p-particles constituting the continuous spectrum are 
reallv of nuclear origin. 

Having thus established that the p-particles are emitted by the 
nucleus itself with continuously variable energy, an extremely em¬ 
barrassing situation is created, which may be expressed as follows . 
While all the nuclear phenomena, such as the a- and the f-r&y spec¬ 
tra, show the existence of nuclei in perfectly definite quantum energy 
states, how is it that the p-ray spectra alone, manifesting a conti¬ 
nuous distribution of energies, appear to deny the existence of such 
discrete energy states in the nucleus ? The difficulty may be state 
in yet another way. As regards the origin of the p-rays, it is now 
generally admitted that the disintegration electron arises as a resul 
of the transition of the nucleus from the neutron quantum state o 
the proton quantum state (cf. p, 829). This implies that the energy 
of p-disintegration must have a definite and constant value equal to 
the difference of the energies of the initial neutron and the final pro¬ 
ton quantum states involved. On the other hand, in the p-ray spec- 
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tram we actually observe a continuous variation from the total 
energy of disintegration as maximum to zero as minimum, which 
means that the energy of the initial state minus the energy of the 
final state is not equal to the release of energy during ^-disintegra¬ 
tion. But according to the principle of conservation of energy it is to be 
expected that the ft- rays should he expelled either all with identical speed 
or at least a discontinuous group, as in the case of the fine structure of 
a-rays. How, then, to reconcile the fact of a continuous (3-spectrum 
with the existence of discrete quantum states in nuclei without viola¬ 
tion of the law of conservation of energy. 

This difficulty concerning energy conservation is svppleme?ited 
oy another equally serious one arising from the point of view of conser¬ 
vation of momentum. Experimental researches show that every nucleus 
has an angular momentum (nuclear spin), which is* a half integral 
value of 4/2- for nuclei of odd mass number and a whole integral 
Y& ue oi hj for nuclei of even mass number. This is just what 
would be expected if all nuclei were constituted with neutrons and 
pro ons, each with spin 1 / 2 . The (3-particles, like all electrons, has 
.» S0 a S ? lr ^ ' 2 ’ when it leaves a nucleus of odd mass number, 

nucleus still retains a half-integral spin, since its mass 
^im )er remains odd, the ^-disintegration effecting no change in the 

Evic * entl y this goes against the law of conservation of 

n ... UI *V 81 “ c ? a ba ^ cannot be removed from a half integral 

l ^ y> th f balance stiI1 remaining half integral. The same is true 
if the parent nucleus has an integral spin. 

now muu^ii so,utions have been suggested, but only one of them is 
attorn!*!!! «r? accepted as the most satisfactory. Some of the 
attempted but improbable solutions, which can be easily dismissed 

but Pre ,'-Z nd P ost -disintegration energies may not be the same 

availahlft f f or ' ll ff erent nuclei in a given element , so that the energy 
mav varv / disintegration nee<J not show a rigorous constancy but 

this wnnlH° ntinUOUS ^ ^ r ° m Z . er ° to an ar ^itrary maximum. But 
viz a mv side by side, that the attendant nuclear process, 

whirh l * y ra y emission, etc., must be different for different nuclei 
wrncn, however, is contrary to experimental facts. 

the oblllLTl 1 ?™ 9 thUt durin 9 disintegration, the total energy (equal to 
oration *7 t aximum energy) is transferred to the primary or disinte- 

with the r7l r ° n ’i F< t rt lt ma y he subsequent!), lost through collisions 
the mnt' ** electrons of the atom in a statistical fashion giving rise to 

Velocity spectrum. But 

Perimentnl ** -V 1 assu . m P tlon - F °r, over and above the indirect ex- 
nuous nature of "ft 18 favour ofthe nuclear origin of the very conti- 
formed bv Plli« s P ectruni > already stated, experiments per-/ 

disprove ^ and Wooster and by Meitner and Orthmarin directly 

energy of di« - "+* 0 e ? ls ‘ These authors determined the average 
almost a pure l °''i P cr nucleus in the case of KaE, which is 

by a known nil by measuring the total heat energy produced 

- a Known amount of the element with a microcalorimeter whose 
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T r ^ were thick enough to absorb all the emitted P-particles. If 
1 q+ v. n **? uous (^-spectrum were due J to secondary scattering caused 
I e f x f® rii al electrons of the atom, then the total energy 

f>no remain inside the calorimeter and one should expect the 

t ? er nuc . eus measu red by the heating effect to be equal to the 

serve maximum given by the upper limit of the continuous 
p-spectrum curve, which is 1-05 MeV for RaE. The actually mea- 
ure energy was, however, only 0*34 MeV, which closely agreed with 
tne average value deduced from the distribution curve. Thus it 

ppears certain that the original energy of the (3-particles is, on the 

vt rage, the same as that which one finds these particles possess 

en ( Y ou ^ of,the atom. They have not, therefore, all been 
jectec \\ ith an energ} 7 corresponding to the upper limit and then lost 
varying amounts in collisions in the manner supposed. In other 

won s, the continuity of the p-spectrum is a property of the disinteg¬ 
rating nucleus itself. 

(Hi) The discrepancy between the constant amount of energy re¬ 
eased and the continuously varying energy observed might be explained 
y assuming that two electrons which are simultaneously emitted share 

Bn / r „ cons \ ant disintegration energy in the observed continuous fashion. 

t uui ney s experiment, clearly demonstrating that the number of 
e^ectrons in the spectrum of a p-emitter is exact \y one per disintegra¬ 
tion, excludes such a possibility. 

^ ith the elimination of these easily conceived but hardly 

proved hypotheses we are left with the choice between two final and 

drastic ex Pi a nations, tiie one proposed by Bohr and the other by 
Pauli. 


Bohr suggested that since the differences in energy and momen¬ 
tum between the initial nucleus and the product nucleus are not 
equal to the energy and momentum involved in p-decay, the laws of 
conservation of energy and of momentum do not hold for this nuclear 
process . He tried to justify his opinion by saying that in so far as 
the behaviour of light particles in the nucleus could not be described 
b} T means of modern wave mechanics, but required a fundamentally 
new theory, there was no a priori reason for clinging to the laws of 
conservation of energy and of momentum. 


But very serious difficulties have been raised against this hypo¬ 
thesis both from the experimental and theoretical points of view. 
For instance, Sargent’s determination of well-defined upper limits for 
p-rays throws its weight on the side of the conservation laws. All 
other experimentally observed nuclear phenomena, without exception, 
even the y-rays, which may be considered lighter than the electrons, 
abide by the conservation laws, and are, therefore, in favour of the 
# general validity of these laws. From a purely theoretical point of 
view, the non-conservation hypothesis not only upsets the basis of 
the present nuclear theories, but also leads, as Landau has shown, to 
a contradiction of the general laws of gravitation worked out on 
relativity principles. There are, therefore, very few adherents of this 
hypothesis. 
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, . ,? n th< : other hand, proposed a solution of the difficulty 

which, with the aid of a new-particle, called the neutrino, safeguard 

. e um ™ rsa l validity of the conservation laws, even in the case of R-dis 
m egra ion. e assumed that the emission of a (3-particle bv ; 
nucleus is occasioned by the transition of the nuclear heavy partial. 
'ie neutron to the proton state with the simultaneous creatioi 
r ° n .- neutrmo P air - These latter then escape with a constani 

discrete total energy equal to the difference between the energies ot 

«er ^ glna and ffna nuclei - thus conforming to the principle of'con¬ 
servation of energy. They share also the total momentum involved 

rficfr’ih l » a " a y ia ^ conserved. The observed continuous energu 
en^m,, U /o° n i° merely expresses the manner in which the total 

limiwf ti shared . bet w«en the electron and the neutrino. • The upper 
wheL f thi e C ° n * tl . nU0U . S P 8 P ect rum thus corresponds to the case 
enerw ;<a m n ? u . rlno ls emitted with zero energy, while the whole 

the curve t . T d a r y by the electron ; a t the maximum point of 

DOrtlon nf Ik fc Sha u e ,n ° re °. r less ec l ual clergies ; in the low energy 

and the elerf 6 tUrV ° the neu tnno gets a greater share of the energy 
ana the electron correspondingly less. 

tinuou^nl t« k CS o S 1S tbus able to ex plain satisfactorily the con* 
ine the lau j ^-° C curves without, at the same time, violat¬ 
es now „: f ,r nSerVa ?°, n ° f ener ^ of momentum. Hence, it 

so far sufveS y £ igarde ‘ 1 . as the best amon g the different solutions 
out a oufn g n d ' ^ errai ’. developing the idea of Pauli, has worked 

hypothesis cone ^ of .P- erai « s >mi on the basis of the simplest 

light particle he interaction energy between heavy and 

the general nrii - U i n r and protons > electrons and neutrinos) 'and of 
bution in moment ^ °t 9 uantum mechanics. The calculated distri- 
given by ° mtntum of the electrons, according to Fermi’s theory, is 

N iO*) dr le = C r,*r lV 2dr le 

units oflnc 2 IT the'rrm C f eCtr °? S u°^ momen tum r lt expressed in 

and C a factor^Lnnrr^ Ti Um °, f the neutrinos m the same units 
atomic numbers*^ Tli'™ 11 ° y mdependent of the momentum for low 

the above Smession ^olr T^i d , i 1 Stributior * curve obtained from 
curves, with this Hif^ 668 ai1 ^ we w *th the experimental (3-ray 
symmetry about the hi if 6 ? 06 ’ however, that the former exhibits a 
nounced shift of the -energy value, while the latter shows a pro- 
hmiting energy maxi “«m distribution to about one-third of P the 

Pinski and Uhlenbeek'fnt F a , gre ® ment w, *h experimental data, Kono- 
theory by proposing a differ “I®! 1 & modlfication in the. original Fermi 

tron-neutrino field and^ ^ nt typ ® ° f lntera °tion between the elec- 

the end in v?ew^Ind^‘^particle. Of course, this achieved 

the experimental ones but auThor^i. curv , e . s that agreed closely with 

either Fermi’s or K _’tt ^ authors have discussed which of the two, 

We have here a theoretical r ®P re 9ents actual fact. At any rate, 

ne utrino. " " justification of Pauli’s hypothesis of the 


858 


PHYSICS OF THE ATOM 


The crux of Pauli's explanation is evidently centred on the actual 
xis cnce oj t le neutrino. According to theory, this particle can have 
i c targe , as a I the charge is taken by the electron, its mass must be 
extremely small, since there is no change in mass number in p-disinte- 
^ra ion , t eoretical estimate based on the position of the maximum 
in le jj-ray continuum as well as on the upper limit of the curve 
s rung y suggests even a zero rest.mass ; it must have a spin x / 2t like 
its companion the electron, because only then the angular momen- 
urn \\i oe conserved in the P-proecss ; but it has been shown that 

th ? ai p i aVa ver y small magnetic moment , much smaller than 
a o he electron. The name ngMlmo (a miniature neutron) re¬ 
presented by the symbol v, has been adopted, because the new parti- 
c e is without charge like the neutron, while perhaps without mass 
un i e the neutron. It is, however, more akin to a photon or light 
quantum than to a material particle, although it has no associated 
e ec ^ ro magnetic field and hence cannot interact with matter. Some 
aut ors have therefore preferred to call it “ergon 5 * or mere carrier of 
energ}' and momentum. 


These peculiar properties of the neutrino make direct detection 
of the particle almost impossible. Possessing no charge, it cannot 
pioduce sufficient ionisation to be detected, say in a cloud chamber ; 
similarly, having no mass, the possibility of observing the nuclei set 
m motion by it, as in the case of the neutrons, is also excluded. Cut, 
m recent years, indirect experimental evidence of its existence is 
becoming more and more convincing. The basic principle used in the 
search for the neutrino is to study the recoil of disintegrating atom 
ejecting P-ray*. In natural radioactive elements whose atoms are all 
very heavy, the track of the recoiling residual atom is too short to be 
measured .even in a cloud chamber operated at the lowest possible 
pressure. But with the modern technique of artificial transmutation, 
light P-emitters can be produced and with these the recoil would cer¬ 
tainly be observable. If then, in such cases, the direction of the. 
tracks of the p-particle and of the residual atom are not exactly 
opposite, the assumption of a third invisible particle would be prefer¬ 
able to giving up the-law of conservation of momentum. Hence, 
when experiments conducted to measure the energy and momentum 
of the recoiling nucleus and the omitted p-particle lead to the con¬ 
clusion that neither momentum nor energy is conserved in the indi¬ 
vidual disintegrations, if only these two particles are involved, the 
existence of a third particle, the neutrino, is definitely indicated. 
The experiments of Leipunski (1936), Crane and Halpern (1939), and 
Allen (1942) performed in this direction seem to be in favour of the 
existence of the neutrino. 

Thus, when lithium is bombarded with deuterons, a radioactive 
isotope of beryllium is produced according to the reaction 

3 Li° + a D2 ^ * 4 Be 7 + 0 n* 

4 Be 7 is less stable than 3 Li 7 as it contains a proton more ; but the 
difference is too small for expelling a positron ((3 + decay). But 4 Be 7 
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captures one of the innermost extra-nuclear electrons (K shell) and 
is transformed into 3 Li 7 with a decay constant of about 43 days. In 

this ease, the recoil energy of the resulting atom depends solely on 

the emitted neutrino. From the mass difference of .Be 7 and ,Li 7 

(corresponding to 370 KeV) the recoil energy to be expected is about 

^ ® experimental lesults obtained bv Allen are in fair agree¬ 
ment with this value. h ' 

A careful study of the beta spectrum of H 3 (triton) showed that 
e mass of the neutrino is considerably less than that of an electron, 
t nas not been possible to make an exact determination of the mass 

exceed ImSS ”*? “*7 be sfcated <lefinitel >' tIla ^ it does not 
exceed 1/1000 of that of an electron. 

J. ho ( reccn ‘ experiments of Heines and Cowen (1956) give a 

react.orTh P ™° f ° f the existence of the neutrino. Near an atomic 
inn k the J e IS an intense flux of neutrinos and the inverse 6-process 

ed hv U8C their detection. In this process a neutrino is captur- 

Simnifn* 1 w bich then decays into a neutron and a positron. 

Viril e f l ctect , ion of th « neutron and positron has given con- 
g proof that the neutrino exists as an elementary particle. 

greatestri4.ti tbe <- ry ’ ™kich ^ as t * le 8 reat merit of solving one of the 

torv mn.nnc ‘ nuc,ear phenomena, in a very simple and satisfac- 

necessarv „» r ’ ^ an ’ th 1 erefore > be considered as having received the 
y experimental confirmation. 


CHAPTER XIII 

Artificial Transmutation 


Introduction. Transmutation, in general, may be defined as 

the conversion of the one element into another, i.e., one type of atom 
into another. Artificial transmutation is such a conversion provoked 
y ar kificial means, as distinct from the spontaneous transformations 
witnessed in radioactive substances found in nature. Transmutation 
is often called also disintegration, since the transmuted element 
disintegrates forming a different new element. 

Phe conversion of the elements into one another has been the 
dream of the human race for many centuries. Quite early in the 
Christian era it was current among the Alexandrian Greeks and then 
spread to the East and West through the no m adic Arabs. In the 
middle ages it occupied a very prominent place, under the name of 
alchemy whose main purpose was to arrive at what was known as 
the philosopher’s stone which would on touch convert ba^e metals 
into noble ones. The alchemist’s heroic search for this wonderful 
agent of transmutation resulted in failure, chiefly due to the meagre 
data then available about the ultimate constituents of elements. 

In fact, one cannot aspire to transform element into element, if 
one does not know what elements realty are. Hence, before the pro¬ 
blem of transmutation could be seriously tackled, the ground had to 
be prepared and this took a long time. 

Several centuries of painstaking labour at last brought the 
scientists close to the fundamental constituents of matter. All matter 
was first classified into 92 simple elements and the smallest unit of 
any one of these, the atom , which completely defined the individual 
nature and properties of that element, was fully recognised. It was 
next established that the atom was itself composed of two distinct 
entities, viz., (t) a central positively charged nucleus of extremely 
small dimension, but wherein practically the whole mass of the atom 
was concentrated, and (ii) very light negatively charged particles, 
the electrons , gyrating round the nucleus at relatively great-distances. 
These peripheral electrons were found to be highly organised and res¬ 
ponsible for most of the chemical and physical properties, while the 
more wonderfully constituted nucleus gave the essential individuality 
to the element. It was therefore realised that to transform one ele¬ 
ment into another, the very atom kernel, the nucleus, should be 
attacked and altered. 

The final and decisive stage in this long preparation came with 
the discovery of radioactivity. The study of the natural radioactive 
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Kutherford’s apparatus used in the first suecessf, 
transmutation of elements. 

a Hy in Fig. 269. One side of a chamber \ had 
: C0Vercd with a thin sheet of Silver foil F A 

’creen^e th S< ‘ '° the silver foil «>d'tho 
n when they oceurred, were observed bv 

chamber could be filled with various gases tin 

nd Us dZlZ r 1 ^^’ RaC '’ was P^ced 
!n it , fr ° m F could be varied at w 

“'Panicles was known to be about 7 ems in ai 

energy of about 8 MeV. As these high speed 
gh various vases in „i-i. _ ,, b p . e . 
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(t) If the scintillations were produced by the hydrogen nuclei 
contained as impurity in the nitrogen and projected by elastic colli¬ 
sions with the a-particles, their range would be only about 28 cms., 
even in the case of head-on collisions, whereas in the experiment the 
range was as high as 40 cms. (u) While hydrogen nuclei are projec¬ 
ted chiefly in the forward direction in ordinary collisions of a-parti- 
cles with hydrogen atoms, in the present case they were found to be 
emitted in all directions uniformly. These facts showed clearly that 
the observed protons were emitted by the nitrogen nuclei themselves, 
when disrupted by the bombarding a-particles, according to the 
reaction -N 14 + 2 H e4 —► R 0 17 -}- jH 1 , which shows that the new ele¬ 
ment formed is the rare isotope of oxygen of mass 17. Thus the first 
transmutation of nitrogen into oxygen was established. 

Rutherford, encouraged by this first success, continued his re¬ 
searches and in collaboration with Chadwick, (1921-24), showed that 
many other light elements from boron to potassium, with the exception 
of carbon and oxygen, could be transmuted by bombardment with 
a-particles, resulting in the emission of protons. To perform the ex-. 
periment with solids, a thin layer or foil of the element under study 
replaced the silver foil, the source R was pushed close to it and the 
scintillations produced by the ejected protons were observed. By 
using various thicknesses of material of known stopping power bet¬ 
ween F and S, the equivalent ranges in air of the protons emitted in 
the disintegration of the different substances were determined. In 
the case of B, Na, P and Al, the ranges of the emitted protons were 
58, 58, 65 and 90 cms. respectively, which clearly showed that the 
energy of the proton was much greater than that of the incident 
a-particle, the excess of energy being evidently supplied by the 
nucleus “exploded” under the impact of the a-particle in a veritable 
transmutation. 

Blackett, in 1925, obtained a beautiful confirmation of the dis¬ 
integration of nitrogen by a-particles with the aid of the cloud cham¬ 
ber Allowing a-particles to shoot 
through a cloud chamber filled with 
nitrogen, he photographed the tracks 
produced. The majority of the tracks 
thus obtained were straight, typica 
of a-particles. Several were forke 
tracks, indicating that an elastic col¬ 
lision had taken place between a 
nitrogen nucleus and an a-partic e. 
But a very few (8 in 500,000 trac s 
photographed) presented a very un 
usual feature, as seen in the adjacen 
photo. Each of them was forked, 
but one branch was very thick typi¬ 
cal of a particle much heavier than 

the a-particle, while the other very 

thin, that could have been produced 



Bisin teg ration of a nitrogen 
nucleus by an a-particle 
\ (Blackett) 


AKTI ] IOIAL TRANSMUTATION 


863 


not by an a-particle, but only by a proton. According to the accent¬ 
ed nuclear reaction, the thick track was due to O''. 1 

Following the first successful experiments of Rutherford manv 
transmutation d PP - , ® d themselves w j th g'^at ardour to the art of 

transmutation, devising ingenious methods both for producing f-.st 

and intense projectiles required for an effective nuclear bombardment 
ant for observing in detail the products of disintegration essential 

for a correct interpretation of results. The progress marie’.*, ti tJ 

so er >!Satth l at eC t h { liqUO ’ Ch h Cfly during the P ast f °u<- decades, has^beTn 

Smarts ‘7 **“• “V> rea ” 1 ' 8 o'** 1 ”'" *» ” v.rt Tr ,T 

nnTvo k r b d lrn P ortant ; both from the practical and theoretical 

z&rzs of the t* « 4 .-~ °of 

this c Our aim m t his section is to recount briefly the storv of 

epoch-making achievement of the present oentiirv I - Qf 
chiefly on the scientific aspect. P century, insisting 

experimental study of artificial 

transmutations 

infienuitv 5 r fTh t0 be at>,e t0 a PP reciate full y the great complexity and 

mutation it L ex P enmental technique employed in artificial trans 
the^rocSs Decessar y t0 rea li se the chief difficulties involved in 

necessawTv^rf * i d A fficulties ‘ To effect transmutation, one must 

the essential indlvidualItvof^ mI t ernijl ' V'k nu ° ,e,,s> "herein resides 

or at least modify R But th? ^ a f break '' U P into fragments 
sions of the order of']0-i“ nacl ® u . 3 ls of extremely small dimen- 

ately small projectile na hi w hich in turn, demands a proportion- 

groups surrounding £ ® °L penetra u tin « «»' a rply the electron 

tiny tawetanH « g .the nudeus. Having thus to work with a very 

hits, chiefly “squarmhits^^must'be very ? m T«n°! S6CUring pr °P er 
forSTces,*' w\ZlV^d P i^te m { n ° n ° f T\° ccurrenc ^ 

tiles in order to Crease thr”v f n^ eat yth<3nUmber ° f the P ro l et - 

non, on the one lun l Tn i/ ‘ , ° r ° CCUrrence of the phenome- 

desired rare events wh» f ® I'lf* 0 l e, ' eetors which would record the 
“ Ic events, whenever they happen, on the other. 

the nuclmT'is wdf'dXjj } I ^ nslnuta ‘ lion arise s from the fact that 

barrier. If the proiectilfs »rf bl '*P oslt ™ e electric field, the potential 

dinarily used forthis nirn P oslt,vel y charged, as most of them or- 

rons) are, many of them w in 6 f a a 'P artlcles - protons and deute- 

approach the positive^ deflect f d away and scattered, as they 

fast enough to snr^. l °1 the nuc)eus '' E™ those which are 

their speed diminished and eon P ofcen t' a I barrier will, however, have 

nef >s. The discoveru If lht ^ onsec l ue ntly lose quickly their efficacious- 

oan penetrate the potential hf r . on > which, having no electric charge, 
jectiles and of th, P otent,al barrier unlike the positively charged nro 

or rr ** 1 wh p "h 

probability, however small, of a projectile penetra- 
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ting into the nucleus, even if its energy is less than what is necessary 
to surmount the potential barrier, have greatly minimised the diffi¬ 
culties arising under this head. 

A third serious problem is to test whether transmutation has actu¬ 
ally taken place , i.e., whether the nucleus has been really disrupted 
and if so, with what results; If the fragments of the broken nucleus 
arc verv heavy, they move slowly and remain lost in the mass of the 
element, and in consequence cannot be detected by any external 
device. If at least one of the fragments is a light particle, such as a 
proton, neutron, or a-particle, as is often the case, the process can be 
more easily checked, since the light particle moves fast enough to get 
out of the mass of the parent element and project itself into space. 

But another great difficulty arises here, viz., the possibility of 
mistaking particles which have nothing to do with the disrupted nucleus 
(such as the incident projectiles themselves which might have been 
scattered, the recoiling nucleus, the protons from hydrogen which 
may be present as impurity in the element under study, the particles 
given off by radioactive impurities, etc.,) as the true fragments of trans¬ 
mutation. Hence, it must be established that at least some of the 
particles observed are not of the spurious kind, but really parts of the 
f ractured nuclei. To determine this point with precision, the nature 
of the expelled corpuscles, their direction of motion and energy must 
be carefully studied. But this is no easy task, in practice, and a 
whole complex technique is required to detect accurately the results 
of the experiments. 

The study of transmutation, on its experimental side, may* 
therefore, be considered to resolve itself into two great practical pro¬ 
blems, viz., (t) means of producing powerful sources of projectiles , and 
(n) methods of detecting isolated and rare particles which arise from the 
bombarded nuclei. 

TECHNIQUE FOR PRODUCING SUITABLE AGENTS OF 

TRANSMUTATIONS 

Different kinds of projectiles. Artificial transmutation of 
elements was first accomplished by Rutherford using the high speed 
a-particles from RaC' as projectiles and more than ten years passed 
before other particles were considered. At present, the projectiles 
that have been successfully applied to nuclear disintegration are the 
cosmic rays, a-particles, y-rays, protons, deuterons, neutrons and 
electrons. The first three of these may be considered as natural 
agents , being derived from either the mysterious radiations which con¬ 
tinuously bombard the earth (cosmic rays) or the natural radioactive 
substances (a-particles and y-rays), while the rest as artificial , as they 
are either produced as a result of artificial transmutation (neutrons) 
or rendered intense and accelerated to a high speed hv artificial de¬ 
vices (electrons, protons and deuterons). 

Among the natural agents, the cosmic rays are the most 
powerful, endowed as they are witli fabulous energies of the order o 
billion electron volts. The a-particles are obtained from many radio¬ 
active substances. For quite a long time they were the sole agents o 
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^ u h polo-pieces 37 inches in diameter produces a field of 15,000 gauss 
between the pole faces 3 1 j 2 inches apart. In the picture here A A rep¬ 
resents the core of the magnet, 1 

BB the winding of the magnet, 
weighing 9 tons, PP the pole- 
pieces and C the vacuum 
chamber 35 inches in diameter 
- a **d 3 inches in height. In 
the picture ■ below are shown 
the two dees marked 1 and 2 
inside the vacuum chamber 
he ionic source at the centre 
marked 3, and at the peri- 
phery various accessories, 
suck as the insulating supports 
deflecting electrode, etc. A 
vacuum tube oscillator capable 
of furnishing 20 kilowatts’ 
power supplies the alteriA- 

potential of 15 000 1 he general appearance of a cyclotron 

' ^ (Prof. Lawrence) 



6 accelerating chamber and the dees with 
accessories of the cyclotron 


volts at a frequency 
of 10 megacycles 
Huge water tanks 3 
ft. thick surround the 
cyclotron to protect 
the experimenter from 
the harmful biological 
effects of the very in¬ 
tense neutron radia¬ 
tion produced by the 
impact of the fast 
ions on the copper 
dees. This machine 

With enercriAa n* tt , produces deuterons 

trons f 8 M ® V r a “ d “-Particles of 16 MeV. Most of the cyclo- 

_ anous parts of the world have been built on this model. 

1939 a f nd h ‘ 8 collaborators, still unsatisfied, constructed in 

tons ’ nrovirWi ^strument, with a magnet weighing some 200 

frequenov Z5ii^ th P° le -P leces 60 inches in diameter. The high 

kilowatts 7 w Jh .K- Upply,ng volta 8 e to the dees operates at 60 
Protons lfi xilw j 18 a PP aratns - Lawrence has produced 8 MeV 
in use toJay deuterons and 38 MeV a-particlcs. It is the largest 

more powerful particle-accelerating machines 

than a ° ce * erat ing machines much more powerful 

a »d even thousands'. and capable of delivering energies in hundreds 
aa d aheadv . mdlxon electron volts, have been conceived 
50 y str ucfced or are being built. Though based on the 
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fundamental principle of resonance or synchronism, common with 
the cyclotron, these instruments involve additional new techniques 
which enable them to produce extremely powerful projectiles com¬ 
parable to those produced by cosmic rays. They are called the 
synchro-cyclotron , the betatron , the proton-synchrotron (bevatron) and 
the cavity and guided wave accelerators . 

The synchro-cyclotron or the relativistic ion cyclotron. 

After building several cyclotrons of progressively larger power and 
bigger size, Lawrence, in 1946, devised this new machine, where an 
additional new principle of “phase-stable orbits” obtained by suit¬ 
able frequency modulation was utilised to compensate for the re¬ 
lativistic increase of mass of particles accelerated to very high 
velocities. 

The conventional fixed frequency cyclotron can accelerate ion 3 
to energies of about 30 MeV. This energy limit is due to the relati¬ 
vistic increase in mass with energy. The frequency of revolution ot 
ions in a magnetic field is 


E 

M 


and their energy is 


)( 


H 


W = Me 2 


HEc 


w 

Hence, when relativistic variation of mass is taken into 
account, as an ion’s energy VV increases, its cyclotron frequency ^ 
decreases, so that it lags in phase behind the accelerating radio-frequ 
ency jfofcential. The phase-lag is eliminated in the synchio-cyclo 
by frequency modulation, i.e., by suitably altering the frequency ^ 
the applied alternating potential to correspond to the lagging ra 
the more massive ions, so that those ions move in phase stable * 
Le., they move in such a way that they are caught at 
moment in every revolution to be accelerated. Both theory 
periment indicate that about only one per cent of the ions . cte( j 
the source are captured in phase-stable orbits, so that ions 
from the machine after having been accelerated are grouped 1 ®^g ce 
pulses. Hence this device produces high-energy ions at the s 
of beam intensity. 

The Berkeley synchro-cyclotron, represented s chemat i caDy^^ 
Fig. 276 has a huge magnet with a pole diameter o * leg , seC>f 

o lTmtcrViinrr A OOO frvna -rv»A/llllaf.1 HT1 TI*ft01ienCV IS 120 V „ . t»_ 


and weighing 4,000 tons. The modulation frequency is 120 y 
and is produced by a large rotating condenser that forms p** 


of the 


ana is proaucea oy a large rotating whuoudw -—— * nltaire is 

capacitance in the r-f oscillator circuit. The r-f P 68 * -filial 
15,000 volts. To reduce scattering of the ions by the w about 

molecules, the pressure in the vacuum chamber is re< ^ u 1 ^ e f afctein- 

10’ 6 cm. of mercury. Each ion makes 10 4 revolutions e . r ve¬ 
in g the maximum energy. On account of this great num fixed 

lutions, the electrostatic focusing, which is so importan 1 . ^ aQ( j 

frequency cyclotron, is not essential for the synchro- eye 



BETATRON 


883 



Vacuum 


Magnetic field vnruind i 

wifh fime and space on 

Fig. 276. Synchro-cyclotron 

huge positive voltage pulse deflects the ion s 
his synchro-cyclotron can accelerate deuterons 
eies to 400 MeV and protons to 350 MeV. It h£ 
in the production of mesons (verv high energy n 
cosmic rays) in the laboratory. It is now bein" 
protons to 750 MeV. There exist a'few other 
the United States of America. 

The betatron or the induction accelei 

electron accelerator operates, has 

lA’P- /f") « involves a device that is free fr 

fm. o lvls . tlc var ‘ at ion of mass, which prevents the 
for accelerating the electrons. It employs no eh 

motived fieM itS k lf alternatin g ^ produces i 

we °a u® Clrcu,ar motion of the electi 

are accelerated — hence the nf».mo __ 
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The proton synchrotron, an apparatus which accelerates 
protons through hundreds of thousands of small impulses, is very 



Proton V 
injector Target 


Fig. 277. Proton synchrotron. 

similar in principle to the betatron. The protons are made to cir¬ 
culate in a ring-shaped vacuum tube under the influence of a magne- 
tic field and are accelerated once in each revolution when they P^ 89 
between electrodes connected to a high frequency generator (I 
277). The field strength and the frequency of the oscillator ar^ 
simultaneously varied in such a way that the particles travel HJ 
constant, stable orbit and arrive always at the electrodes when ^ 
applied voltage is in the right phase for acceleration. The i 

chamber, instead of being of glass, as in most betatrons or oi m^ er 
as in cyclotrons, is sealed by stretching sheets of non-porous ru 
over corrugated strips of stainless steel. 

Whereas synchro-cyclotrons appear to have an upper 
about 750* MeV, the proton-synchrotrons are able to build ' £■ 
ages in the billions (1000 millions) without disturbing the sta 
the paths travelled by the particles,’ or impairing the intensi y y 
beam. First suggested by McMillan of California (1945), a . ham* 
synchrotron has been constructed at the University of Birmmg 
In U.S.A. one of 3000 MeV (3 BeV) the Brookhaven tory 

opposite page) is in operation; at the Brookhaven.NationaJ 1>» c 

in Long Island, and another of 6 BeV, the bevatron, has sta j. eye( j 
tioning early in 1955 at the University of California. It aB< j 

that this machine would enable experimenters to create P ^gmic 
neutrons. Similarly high energy mesons, found so far omj g 0 f the 
rays, could be produced in pairs when protons having en ar e 

order of 600 MeV are made to bombard nuclei. Thus sc^ ener g e tic 
getting very near at producing inside the laboratory s® knowledge 
particles that are bound to lead to a rapid advance in 

of the nucleus. cons- 

The U.S.A.E.C. has approved, in 1954, the de ^fg^y%umo- 

traction at the Brookhaven National Laboratory of a ^ protons of 

ting gradient synchrotron , capable of producing beanos o f 
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energies up to 25 billion electron volts, at an estimated cost of 20 
million dollars. This new ultra-high energy particle accelerator will 



General view of the Brookhaven cosmotron 

use a series of alternate strongly converging and diverging magnetic 
fields to confine the proton beam in a tube of relatively small cross- 
section. This focusing effect allows, the production of high-energy 
beams with smaller electromagnets and related equipment than would 
otherwise be possible. The construction of the new machine is ex¬ 
pected to be completed in 5 or fi years. At the actual hour, the most 
powerful proton synchrotron in the world is in Russia, where a 10 
BeV machine was built in the Physical Laboratory of the Academy 
of Sciences of the U.S.S.R. and put in operation in April 1957. 

The cavity and guided wave linear accelerators. Although 
the original linear accelerator was soon superseded by the more 
energetic circular accelerators, such as the cyclotron and its still more 
power!ul modifications described above, yet, of late, the linear 
accelerator with ingenious improvements has been reintroduced to 
take its place in the class of proton synchrotrons and betatrons. 
These modern linear machines are able to deliver a well-col¬ 
limated and intense beam of protons of accurately regulated 
energy, though they cannot touch the very high values of energy 
developed in the proton synchrotrons. As for accelerating electrons, 
they are found to be far superior to the betatron, nay more, they 

can reach higher energies and deliver large currents than any other 
machine. 

Two forms of the linear accelerator have been developed, the 
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one suited for accelerating protons, known as the -“cavity” accelera- 
tor and the other designed chiefly for accelerating electrons, called 
the “guided wave ” accelerator. In the cavity type, the intensity of 
the ionic current is greatly increased by reducing the power losses, 
with the help of the cavity resonator technique . (first- utilised in 
radar) of generating high radio-frequency voltages. The metallic 
cylinders of the linear accelerator known as the “drift-tubes” are 
encased in a cavity resonator, to which power is supplied by a num¬ 
ber of high-power radio transmitters. The cavity transforms this y 
radio energy into an alternating electric field, which makes currents 
rush back and forth across the gaps between the ends of the drift- 
tubes. At any instant the direction of the accelerating force is the 
same in all the gaps. If the structure is so designed that a group of 
particles takes the time of one full cycle of the alternating voltage to 
travel through each drift-tube, then the particles will always find 
themselves in an accelerating field when they cross a gap. The 
Berkeley linear accelerator which has been in operation for several 
years now, is constructed on this principle and is able to accelerate 
protons up to 32 MeV working at 2*2 million watts of radio-frequency 
power. A 70 MeV machine of similar design is in operation at the 
University of Minnesota. In England, the British Atomic Energy 
Research Establishment at Harwell is building a 600 MeV proton 
machine. ! 


In the “guided wave’ ? type which is particularly applicao 
to electrons, an electromagnetic wave is made to travel along a long 
continuous cylindrical pipe. The electric field generating the wave 
is produced by a high-power (20 million watts) and very high fr©' 
quency (3000 Me) klystron generator. Of the different kind 6 
travelling waves used, a very interesting one is the so-called 
wave, in which the electric field has always a component paralle , 
the axis of the pipe. In order to synchronise the speed oi - 
travelling wave with that of the particles, carefully designed discs 
conducting material, known as “corrugated wave guides*’ are arra ? 
ed at regular intervals along the pipe. The wave thus sui ^ 
slowed down carries along with it the particles that happen to 
its path to steadily higher velocities. The linear accelerator oni . 
Stanford University, America, is of this type. The eylindnca PF 
is 220 feet long ; 20 million watts of power from a klystron g0 

is injected at regular feed points, 10 feet apart along the 
that the total power input is about 400 million watts. It is P 
of accelerating electrons up to 600 MeV and more. 

TECHNIQUES USED IN THE ANALYSIS OF TRANSMUTATION 


The second great problem in the experimental study ofof 


xiiu aouuau gicau piuuioiu m uuv - A/liiftlOB IH 

transmutation, which is more important than even the pro ^^cting 
powerful atomic projectiles, consists in devising means 0 0 f 

the fragments which fly forth from the bombard n . . g p r0C ess 
studying their nature, energy and direction. For, it is y taken 
alone that one can decide whether transmutation has 
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place and even understand the inner mechanism of transmutations by 
the knowledge obtained of the energy liberated or absorbed during 
the reaction, of the nature of the nuclei formed, etc. 

There is no one single technique which is capable oi furnishing at 
one stroke all the required data. Several different methods must be 
taken together to arrive at sure conclusions. Of these methods, some 
analyse the statistical effect o! transmutation, while others indicate 
single elementary processes. Some measure the energy alone without 
giving any indication about the nature or direction of the particles of 
transmutation. Others permit the quantitative counting of the num¬ 
ber of particles set Yee. Still others furnish photographs of the 
tracks of these particles with the possibility oi detecting their nature, 
energy and direction. Hence, the methods that are described below 
are not exclusive of one another, but complementary. 

Fortunately the particles of transmutation to be detected are limited 
in kind : protons, deuterons, a-particles, electrons, positive and nega¬ 
tive, (charged particles), neutrons (uncharged particles) and y*rays 
(electromagnetic radiation , 'he methods devised concern themselves 
chiefly with the study of charged particles. Neutrons are detected 
indirectly by means of the charged particles, such as protons 6r more 
massive nuclei which they chase before them by impact, while Y-rays 
by their secondary effects, such as photoelectrons, Compton electrons 
and pair production. 

The different techniques developed for analysing the results of 
nuclear bombardment may be classified under the following heads :— 

(1) Scintillation method. 

(2) Chemical separation method. 

(3) Magnetic spectrograph method. 

(4) Ionisation chamber method. 

(5) Counter method. 

(6) Cloud chamber method. 

(7) Photographic emulsion method. 

As most of these methods were devised even before artificial 
transmutation was discovered, chiefly in connection with the study 
of natural radioactivity, we have already dealt with several of them 
in their appropriate places. But many of them have been modified 
and improved under the impetus of modern alchemy to such an 
extent that they bear little resemblance to their simple and primitive 
forerunners. Hence, in the present account of these methods, we shall 
limit ourselves to such of their special features as have reference to 
their employment in artificial transmutation, 

METHOD OF SCINTILLATIONS 

The principle of this method has been given on page 349. It is 
a simple and direct method which enables charged particles to be 
counted individually. It has also an historic interest, as the one by 
which the first proof of artificial transmutation was obtained. The 
fluorescent materials commonly used for the screen on which the 


888 


PHYSICS OF THE ATOM 


scintillations are observed are barium platino-cyanide, calcium tung¬ 
state and zinc sulphide. The duration of a scintillation is of the order 
of 10~ 4 sec. 

Although Rutherford was able to establish the accuracy of this 
method by comparing the results obtained with it and those given 
by more refined methods, such as the Geiger counter, and an ex¬ 
perienced observer can count from 90 to 95% of the impinging parti¬ 
cles, yet it is a long, tedious and nerve-racking process to count 
thousands of dim flashes for hours in dark rooms. Further, though 
the method may be well suited for counting a-particles it can hardly 
be used in the case of protons and it is almost impossible to use it for 
counting electrons. If the fluorescent screen is bombarded with the 
y-rays, often produced during transmu tat ions, electrons are liberated 
from the fluorescent material and the surrounding matter, which 
make the screen shine all over with a feeble glow, against which the 
flashes made by the particles to be counted are difficult to discern. 
Such are the drawbacks of the method ; yet, on account of the ex¬ 
treme simplicity of the technique which has also the unique advantage 
that no barrier, not even a gas, need intervene between the detecting 
screen and the source of the fragments, it is still used, but in a4iighly 
refined form, known as the scintillation counter , as we shall see 
presently. 

METHOD OF CHEMICAL SEPARATIONS 


Methods of chemical analysis, though delicate, are not fine 
enough to detect directly the particles with which we are concerned 
here* The use of certain standard chemical separation techniques, 
however, has materially assisted in the interpretation of the results of 
-transmutation, chiefly in the case of induced radioactivity. A good 
guess as to the nature of a nuclear reaction makes it possible to sepa* 
rate the possible products and by observing in which of the separate 

residues the activity lies, the nature of the element produced in trans¬ 
mutation can be determined. This is usually accomplished y 
employing a radioactively inert element of the kind to be separate , 
as a carrier, in order to have a sufficient quantity to work with. 

This method was introduced in 1934 for a-induoed radioactivity 
by Curie and Joliot and for neutron processes by Firmi. ^ 

activity obtained by deuteron bombardment has been studied m 
like manner by McMillan &nd Livingstone. 

A valuable modification was initiated by Szilard and ChalffierSj 
when they realised that chemical bonds could be broken by the re 
of the activated atom and so the free element could be released ^ ^ 
a chemical compound. If the element in question is bombar ^ 

the form of a compound which, once dissociated by atoms 

the process, is not reproduced spontaneously, the acfcivatea 
remain in a chemical state different from the bulk of j? 0 r 

substance and can be separated by ordinary chemical metn * 
example, by bombarding chlorine in the form of an e pro¬ 

pound, chloroform, or as a chlorate, the radioactive ch oi 
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ducedremains in an atomic or ionic state ana can be separated by 
the addition of a trace of chlorine ion and precipitation with silver 
nitrate. Precipitation of the radioactive material from a large 
sample used as a target concentrates the activity into a small sample 
which can be brought close to the recording instrument and so in¬ 
creases the observable intensity. This separation method is parti- 
culariy important in transmutations by slow neutrons, where the 

substance to be bombarded can be dissolved in the water which is 
used to slow down the neutrons. 


magnetic spectrograph method 

This method, which has already been described in detail in 

* C6 u 835, 844 and 851), with its highly 

• P®** , c nl 9 ue > *8 used to measure the energies of charged parti- 

. as T el1 as of Y-rays emitted by disintegrated nuclei to a high 
degree of accuracy. 6 

IONISATION CHAMBER METHOD 

form ;T h „ 6 10nisati °“ chamber method in the present highly improved 
e ffZ of mmf 7 “ ,ve Metrical method of studying the statistical 
£* i nucle f disintegration, from which the nature and energy and 

can be detained. ^ fragments flym ® off from the disrupted nuclei 

Dartic^^in^o* prlnci P le ths ' £ underlies the method is that charged 

nature La , P r ° duce .» a gas ionisation varying with their 

ions Droducorf ? ence ’ a n accurate estimate of the number of 

UC ° d v nder § lven conditions, for instance, in air at N T P 

enervv 3 ^ ^° W the T'™ of the ionisin g P^icle as well as ite 
tion current nrodii^^T- 11 ^ 0 ’ F r0 ™ independent experiments on ionisa- 
particies the °h ln r a ” lon isation chamber by different charged 

path u obtained^aa follows'Z' P °" S “ " V “ NT ' P - rer 

1. Electrons i( 2 Mev) 45 pairs about 


45 pairs about 
200 „ „ 

3,000 „ „ 

15,000 „ „ 

25,000 „ „ 

75,000 „ „ 


(Less fast (60 Kev) 200 

2. Protons j Fast ( from transmutations) 3,000 „ 

( At the end of their range 15,000 

3. a partides\ Fast ( 8 MeV ) 25,000 „ 

( At the end of their range 75,000 ,, , 

ion.pS^y 3 ng diPr ° dUCe *“ air N ^- P - 

their sueeH *u ® j- ?? to 75,000 per cm. range, according to 

produced Proton^nrnH the P artiole the less being the ionisation 

formr 1 th ” ? hCTS ; b “‘ th °y 

ions produced bv th^f ex P eri ™ e " ts > , if we measure the number g 0 f 
conclude to the nature of the disrupted nuclei, we can easily 

or electron. f the fragments, whether a-particle, proton 
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r Again, it it known from other independent experiments that a 

ast-tiymg charged particle loses energy, oh an average, of 30 to 35 

e ec ron volts for every ion-pair it produces. Hence, the number of 

ion-pairs formed by a fast particle going through a gas is about a 

thirtieth of the number of electron volts which it loses in its transit. 

rlere we have a means of estimating the energy of the particle from 

he ion-pairs it produces. It is, however, important to measure the 

ionisation at a well-defined position of the range, on account of the 

peculiar nature of the ionisation curve (Bragg type cf. p 350) indi- 

ca ing an increase in ionisation at lower speeds with a sudden drop 
at the end. ^ 

5 Technical details. The ionisation chamber, as regards its 

eS * S i? I k iia f ea ^ ures » has already been described on page 264. Mention 
v* i be made here, therefore, only of the additional special technique 
involved in its use with transmutation experiments. The improve¬ 
ments made consist chiefly in the following points : — 

(i) Maintenance of a constant high p.d. The P.D. must be high 
enough, so that the electric field between the electrodes reaches 
approximately saturation, in which state most of the ions formed 
reach the electrode before they could recombine. 

(u) The dimensions of the chamber as well as the nature and pres- 
sure of the gas used in it are determined by the type of radiation to 
be measured. Thus, for example, in the case of a-particles which 
are completely absorbed by a few cms. of air, the chamber is usually 
nlied with air at atmospheric pressure and its linear dimensions need 
not be greater than the range of the particles, since large size would 
not increase the ionisation produced. For (3- and y-rays, which are 
mqch more penetrating, larger chambers have to be used. In order 
to increase the ionisation in the case of y-rays, it is found useful to 
replace air with a more intensely absorbing gas, e.g. t methyl iodide, 
or to increase the pressure to 30 to 50 atmospheres. 

(tit) The sensitivity or quick collective power of the chamber can, 
in general, be increased by the use of highly absorbing gases at high 
pressures. It must be noted, however, that it does not increase in 
proportion to the density, since at high pressures there is an increas¬ 
ing degree of recombination of the ions. This can be avoided to a 
large extent by the use of very pure rare gases, such as argon, in 
which the recombination effect is small up to very high pressures. 

( iv ) The sensitivity of the electrical device which measures the 
feeble ionisation current has been progressively improved so that at 
present it is possible to detect the primary ionisation due to even 
single particles. 

Electroscopes and electrometers . In the initial stages, the gold 
leaf electroscope of the tilted type of great sensitivity or the quadran 
electrometer, whose sensitivity was increased to a high degree oit 
by increasing its voltage sensitivity or by decreasing its 
was used. They were able to detect and even measure the to 
charge of a few thousands of ions without amplification. 
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String electrometer . The next step in the development was a 
modification of the electroscope, designed by Lauritsen, where the 
gold leaf was replaced by a tiny metal-coated quartz fibre, about 
5 microns in diameter and 6 mm. long, the movements of which could 
be observed by a microscope, or better still, recorded by photography 
on a moving film. This arrangement known as the string electro¬ 
meter possesses the advantages of small size which enables the fibre 
to return to its normal position very quickly after each displacement^- 
high sensitivity due to the low capacity of the small fibre and special 
ruggedness lending itself to any orientation. The primary ionisation 
produced by single particles can be readily measured with this de¬ 
vice. Each ionising article is revealed by a jump on the photogra¬ 
phic film, the size of the jump being a measure of the number of 
ions produced by a particle. But the major difficulty in this me¬ 
thod, as in the older ones, though minimised to a good extent, is 

the lack of quickness of response to particles that follow one another in 
rapid succession . 


Linear amplifier . With the advent of radio-technique of am pii- 
- 1 ' •' 11 ' ; by thermionic valves, the above difficulty was overcome to 
a great extent by a device, known as the linear amplifier, which aug¬ 
mented without distortion the feeble ionisation current from a single 
particle to a value which would easily register on an oscillograph or 
an electrical counter. Originally developed by Greimacher, this me¬ 
thod has been brought to a high degree of perfection by Ward, Wynn 
Williams and Cave of the Cavendish Laboratory, by Dunning of Co¬ 
lumbia and by Maurice de Broglie of Paris. The apparatus consists 
of two parts :— 

(1) The ionisation chamber with one or two suitable vacuum 
tubes destined to receive faithfully the very small electric pulse pro¬ 
duced by the primary ions in the chamber. 

(2) The amplifier proper, with three to five stages of resistance- 

capacity coupled valves of great power, and an oscillograph or coun¬ 
ter at the end. 


The ionisation chamber is ordinarily shallow, of the order of 
a cm., well protected from noise and vibrations. Likewise, the valves 
in the first amplification stages are shielded from outside distur- 

in 7 1 Ce 'T»u ov ^rall voltage amplification is of the order of 10* or 
™ 1 ® amplification is linear, t.e., the final amplified pulse 
registered on the oscillograph is strictly proportional to the charge 
ue to primary ionisation. Under these conditions, the oscillograph 
indicates the passage of each particle by a linear jump , the 
length of which is proportional to the number of ions which the 
particle produced in crossing the ionisation chamber. Since this num- 
er c epends on the nature and mass of the ionising particle as well 
as on its velocity and consequently its energy, the method is capable 
giving valuable information about the nature and energy of the 


i 





892 


PHYSIOS OP THB ATOM 


With proper amplification, particles that produce a primary 

ionisation of 50Q and more ions can be detected. Those that produce 

less number of ions, such as fast electrons, cannot be detected. Hence, 

the method is well suited for the detection of heavy ionising particles 

such as a-particles, protons, recoil nuclei, even in the presence of 

p- and y-rays, since these latter produce not single measurable pulses 

but only a back ground disturbance through the fluctuations in their 

ionisation. The effect of this disturbance is smaller when the resolv- 

ing power is higher and consequently an intense electric field is 

applied to the ionisation chamber to ensure quick collection of the 
ions. 

Further, different groups of the same kind of particles emitted 
in a transmutation can be readily detected, since in the oscillograph 
record, the length of the linear trace gives immediately the speed of 
each particle at the moment of its passage through the ionisation 
chamber. Thus, for example, in a disintegration which gives rise to 
several groups of protons, when the ionisation chamber is placed at a 
certain distance from the target bombarded, the protons emitted are 
recorded by the pulses on the oscillogram. Now protons of the same 
group give pulses of the same amplitude. Thus, on a single band one 
can read the total number of particles which has traversed the 
chamber and the proportion of each of the groups. On increasing 
the distance of the chamber from the target little by little one finds 
on each band the different groups with their amount and one can 

thus come to a correct conclusion by a comparative study of the 
different bands. 

In the research of nuclei projected by the collision of neutrons 
with atoms, this method furnishes very precious information, since 
each recoil nucleus is recorded with indication of its energy. If the 
chamber walls are coated with Li or B, energetic a-particleS are emit¬ 
ted in neutron disintegration and will be recorded by the amplifier. 

. r 

( v ) Exclusion of parasitical effects. Background effect due to 
electrical leakage, cosmic rays and contamination of radioactive 
materials should be minimised, as far as possible, since they cannot 
be completely eliminated. The use of highrpressure in the ionisation 
chamber, lead screens surrounding the chamber, etc. serve this pur¬ 
pose to a certain extent. The background ionisation still remaining 
can be estimated by an independent experiment and deducted from 
observations to get accurate results. 

(vi) Use of the cathode ray oscillograph. If a modern cathode 
ray oscillograph be substituted in a place of the older type of oscil¬ 
lographs, the results are very much enhanced. The sharp kicks in 
the electronic beam on the screen record very faithfully the passage 
of particles in the ionisation chamber even when they follow each 
other in rapid succession. The phenomena that occur on the screen 
can be photographed and analysed at leisure. 

The ionisation chamber method was first applied to the an ;L£' 
sis of transmutation by G. Hoffman and his colleague Pose. T e 
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latter was able to observe fragments from aluminium nuclei bom¬ 
barded by a-particles, which produced as few as three thousand ion- 
pairs, thanks to the very sensitive electrometer devised by the for¬ 
mer. Fermi and his co-workers used a rather large ionisation cham¬ 
ber, filled with CO, at a high pressure of several atmospheres and 
provided with a thin aluminium window, in the measurement of 
neutron-induced radioactivity in various elements. The ionisation 
chamber with the string electrometer has been utfed for the detection 
of y-rayes and neutrons, where the interchangeable walls of lead ai d 
cellophane of the chamber make it differentially sensitive to the 
gamma and neutron radiations. The linear amplifier has been used 
by Dunning, Maurice de Broglie and others in transmutations where 
a-particles, protons and neutrons are involved, as already stated. 
Using the Wynn Williams “scale of eight” thyratron system (cf . p. 
898) to operate a mechanical counter at the final stage of amplifica¬ 
tion of the linear amplifier, it has been possible to count particles 

which enter the ionisation chamber at the rate of about 5000 per 
minute. r 


COUNTER METHOD 

- This automatic electric device, as it is used to-day, with its 
auxiliary oircuits of multi-electrode vacuum tubes of high amplifying 
and resolving powers, is perhaps the most efficient and accurate method 
of quantitative counting of individual particles occurring in extremely 
ropta succession. There are, in actual use, three types of counters, 
built on three different basic principles, viz . ( i ) the Geiger counter de¬ 
pending on the ionisation of gases, ( ii) the scintillation counter work¬ 
ing on the scintillations produced by fluorescent materials and (Hi) 

crystal counter where photoconductivity is utilised. 


lilt U£IG£R COUNTER 


This type of counter was first devised by Rutherford and 
. ger. >n 1908, for counting the number of a-particles emitted in a 

given time by-a known quantity of a radioactive substance in con¬ 
nection with their experiment on the determination of the charge 
® a "£ ed }>y a single a-particle (cf. p. 347). In 1928, it was developed 
further by Geiger and Muller, which resulted in a great increase of 

fit 2u33S3 th * * d * ptobmtir °‘ tbe «• 

tion rt» , Ti^ ple ' The Geiger counter is essentially a simple ionisa- 

• 5’/ ery c ?“P act on account of its small dimensions and 
itsIw-^fTfc due ? utomatic amplification, inside the chamber 

th ®i ^- ar ? ed pa / tlCle - J hi ® internal amplification is secured by 
.l® application of a carefully adjusted strong electric field between 

the two electrodes of the chamber Tn .. . . .. , 

her tb« .rrti.o .U r , ln an ordinary ionisation cham- 

ions nrcui iwfMw th ® electrodea is i U8 t large enough to collect the 

ions produced by. the passage of a charged particle Following a 
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. suggestion made by Gorton, in 1905, for X-ray ionisation, Ruther¬ 
ford and Geiger increased the voltage on the chamber to such a high 
value that the electrodes in the chamber just did not spark over, so 
that even a single charged particle passing through the chamber was 
enough to set the chamber off and cause a discharge. Under these 
conditions, the relatively few ions produced by the particle, finding 
themselves in a strong electric field, are immediate^ and violently 
accelerated towards the electrodes. In their passage they produce 
more ions by collisions with neutral molecules, until the cumulative 
effect results in a discharge, large enough to be measurable. 

It is essential that the discharge caused by the passage of the 
particle should not become permanent, but must be quickly and 
automatically extinguished. This is achieved either by the gas in 
the chamber or by a suitable adjustment of the accompanying circuit 
or by both. For, then only the system will be reset in proper condi¬ 
tion for responding effectively to successive particles. The counter 
acts somewhat like an automatic rifle, which resets itself every time it 
has been fired by the ‘trigger’ action of the passing particle. 

There are a number of empirical rules (some partially under¬ 
stood, some not at all) about the size and the shape of the chamber, 
the proportioning and conditioning of the electrodes, the nature, 
purity and density of the gas and the intensity of the electric field, 
which makes the problem of the inner mechanism of the counter 
operation difficult for a complete solution, thriven, however, the great 
value and the frequent use of these counters, we shall state briefly 

some of the important practical details about their construction and 
operation. 

Construction, There are two kinds of Geiger counters in use, 
called the 'point counter and the tube or Geiger-Muller counter. They 
are differentiated chiefly by the shape of the electrodes. 

In the point counter (Fig. 278) the outer electrode is a hollow 
metallic cylinder C provided with two insulating plugs II. In one of 

these plugs there is a circular hole H 
through which the particles are allow¬ 
ed to enter the counter. Through the 
other plug passes the inner electrode 
which consists of either a sharp neeai© 
or a small sphere at the end of a 
wire P and is held along the axis of th© 
cylinder. The apparatus can be 
ted at atmospheric pressure whic 
makes it valuable for certain © X P~ \ 
ments. If it is, however, to be worke 
at reduced pressure, the circular ho e 
H is closed by a thin foil W. * , 
outer electrode is raised to a high 
Fig. 278. tive or negative potential (from * 

The Geiger point counter, to 3000 volts). The inner 

is grounded through a very high © 
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resistance R from 10 to 5000 megohms) which is in series with the 
source of the high tension. In the strong electric field thus establish- 
ed between the electrodes, a very relatively few ions formed by the 
passage of a single charged particle through the counter produce, by 
multiple impacts and secondary effects near the surface of the elec¬ 
trodes, what is essentially a cumulative ionisation resulting in a dis- 
c arge. Although the reasons why the discharge is interrupted have 
not been clearly ascertained, yet it may be said that due to the pre- 
sene© o 1 10 high resistance in the circuit, the discharge lowers the 
voltage so that the current ceases or is “quenched”. Had there been 
no resistance, the high voltage used would have been enough to run 
a steady uischarge after the passage of the first ionising particle. 
Without any further ionisation, the voltage then builds up again only 

gr a y o i^s original value through the high resistance and the 
counter is ready for the next firing. 

Under good working conditions, almost & 

eveiy particle that produces ions in the fT?-7- pTl 

conical space defined by the point of the 1 1 | 

inner electrode and the circular window I j_i 

gives rise to a discharge. The maximum w jfj| 

current intensity varies rapidly with the I j 

applied voltage and can be raised to a -L ji' 

valued 5 ampere. —»— 

In ,^ he twbe or Geiger-MiiUer ! v R I 

counter (Fig. 279) the outer electrode is if 

a metal tube T (brass or nickel). 1 to 5 "T"+ 

cms. in diameter, 10 to 50 eras, long and ij 

0-f * nn ® r electrode a very fine wire W, T o. ( - n/ - 

ton i t thick - usually of tungZ ^ C< ~* vCi 

ten stretched along the axis of the tube Fi «- 279 - 

and well insulated from it by means of The Ge, ge r -Mulle r counter. 

thfn.walfedTgliis^ube *G T ^Th e,ectrodes a . re usually sealed in a 
be either suit hydrogen «. r J?° 888 conta,ned in the counter may 
pressure of 2 to 10®^. ’ ° r 6V6n a mixfcure . at a reduced 

and fiuii whh the desTed gas The C ° Unter is ^acuated 

*|» help 

gas mixture in the conn w , The introduction of a 

tage to be annfied hnf -j • ^ lasers the values of the high vol- 

cation o? e a the appfi! 

high leak resistance R a 8 P in the prevTJus ^e C,r ° Uit C ° ntains a 

thegaTemplojid 88 T” 88 the nature of 

Thus, for instance ^detectv different uses of the counter. 

(1 to 3 mm"), although the ririint? ’ ■ t i U ^ >e P r ®tty thick walls 

at a minimum in order to P ^ tlC ° keep the amount of material 

Secondary ele«t,ror,» _j - U ^ e -h® contamination background 
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duce the discharge. When intended for the study of (3- particles a thin 
aluminium window, about 0*1 mm. thick, is used to admit the radia¬ 
tion. Heavy particles such as protons or a-particles are readily de¬ 
tected with a thin-walled tube counter operating at atmospheric 
pressure. For the detection of neutrons, the counter is filled with 
hydrogen, the protons chased by the impact of neutrons with the 
hydrogen atoms constituting the ‘triggering* particles-; or better still, 
the tube is made of silver, easily activated by the neutrons, in which 
case, the electrons of disintegration of the radioactive substance arti¬ 
ficially produced by the neutrons will operate the counter. 

The tube counter has several advantages over the point coun¬ 
ter : viz., (1) the duration of the discharge is reduced, (2) the sensi¬ 
tive region extends throughout the total space between the electro¬ 
des, (3) a wider range of voltage is obtained for the sensitive condi¬ 
tion and (4) it is not so readity disturbed by discharge. 

Operation. For the proper and effective functioning of the 
counter the following points are of great importance : — 


(a) The high tension required to set the counter in the sensitive 
state . The voltage applied across the counter must lie within a defi¬ 
nite range, often pretty narrow ; if it is lower, the particles do no 
produce discharge ; if higher, the discharge becomes continuous, n 
order to fix the correct margin of the high tension, it is important # 
study the behaviour of a given counter when the applied potential is 
steadily increased and to obtain its characteristic curve. For this pur 
pose, some standard ^source is. used and the number of output imp 11 s ® s 
is noted for different values of the voltage. When the data are p a 
ted a curve as shown in Fig. 280 is obtained. It is seen that no i ^ 
pulses occur until a certain minimum voltage of about 1000 vo s 
applied, which means that there is no secondary ionisation un 1 
pretty high value of voltage is reached. Then, there is a rog » 
where the number of impulses increases almost linearly wi 
voltage. It is known as the multiplication region where t e . 
number of ions produced is proportional to the number oi o ®. 

ions. At this stage, the impulses are still very small, the m f ' . 

tion factor, %.e., the ***> 

between the total 

VI produced in the disch g 

/ current due to tne p 

3 x is between 10 s and 

3 Under these conditions, tn 

$ .—"T counter can function as * 

? / \ ; proportional counter ■• 

% / \ \ very useful to coun 

CS / \ \ -narf.iftlfiS. -PUCh aS * ” 
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Fig. 280. Sensitivity curve of a counter. 
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As the applied potential is 
J?ulses remains constant over a c 
part of the curve. !t is essential 
quantitative results are desired, 
impulses becomes independent of the 
and is a function only of the a ' ^ 

t^nce R and the geometrical conditions 

or weakly ionising particles ( 
region. 


further increased the number of im- 
ertain region indicated by the fiat 
ilia such a plateau exists if accurate 
In this region, the magnitude of the 
_ 1 amount of original ionisation 
potential, nature of the gas, the resis- 

-j of the apparatus. The im- 

_ - ,'a or 3) cannot be 

Hence, the counter set 771 this portion 
ion, independent of their nature and be - 

since the 

may extend through several 
6 er of impulses per unit time 
any observed change in that 
the intensity of the source. A 
o tage produces spontaneous discharges which 

As the chief use of 
enter it in very quick 
purpose. In general, 
t 1 upon both the duration of the 
tecovery ; the greater will be the resolving 

,- two time factors. These de- 

Ujiuj) tlie capacity and leak resistance 
— as compatible with satisfactory 

counter technique, the 
ng the inner wire electrode 
registering tiie displacements 
discharges on a moving film with a photo- 

—is recorded was not 
radio technic, rapid progress in the rate of 

... Vacuum tube-circuits have been designed 

with the Geiger counter, can resolve and count indi- 
en though they occur in extremely quick succession, 
tional circuit. One of the first of such auxiliary 
^ e ^ 281. The central wire of the counter 


pulses due to strongly 
distinguished in this" 
responds to all kinds of radial 

comes an efficient device for quantitative counting of particles 
existence of the saturation region which 
hundreds of volts, indicates the numi 
remains constant for a given source and 
number can be due solely to a change in 
further increase in the vi ' 
must be avoided by all means. 

(&) Devices employed for higfy speed countinq 
a counter is to register separately particles whu 
succession , means were soughtrto achieve this 
the resolving power of a counter depends 
discharge and the time of 

power, the smaller the value of these 
pend, among other things, also 1 
which therefore must, be as small 
operation of the counter. 

In the first stages of development of the 
ountiing of particles was done, by connecti 
to a short period string electrometer and 
ot the string caused by the discharge 

graphic arrangement. The number of counts thu 

With the advent of 
counting has been made, 
which, when used 
vidual particles, e 

The convei 

devices is illnsit.T* 


Conventional circuit of a G.M. counter 
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which is positive with respect to the outer tube electrode raised to a 
high negative tension is connected through a capacity C to the grid of 
a tube amplifier. The leak resistance is of the order of 5000 megohms. 
A smaller resistance of about 8 megohms is put between the capacity 
and the grid to polarise the latter. The momentary current produced 
at each discharge of the counter is amplified in the vacuum tube so 
that it is capable of operating a telephone in the plate circuit, and an 
audible “click” is heard at each discharge. Thus one can hear the 
passage of each particle through the counter.. But the most practical 
method of counting consists in amplifying further the discharge cur¬ 
rent with a second stage tube amplifier so that it is strong enough to 
Operate a mechanical counter. With such an arrangement, it is pos¬ 
sible to count at the rate of about 3000 impulses per minute. It is 
evident that the high value of the leak resistance makes the time con¬ 
stant of the circuit large and in consequence diminishes the resolving 
power which, ultimately, sets the upper limit to the counting rate. 

The Neher-Harper circuit. In 1936, Neher and Harper de¬ 
vised a type of amplifier circuit which besides amplifying the impulses 
of the Geiger counter, improved its resolving power to a great extent. 
In their arrangement, shown in Fig. 282, the inner wire electrode of 
the counter is connected not to the grid, as in the previous case, but 
to the plate of the amplifier tube, a pentode, and raised to a high- 
positive potential. The outer cylinder electrode is connected to the 
grid. The high tension for both the counter wire and the plate of 
the amplifier is applied at E^, which can be measured with an 
electrostatic voltmeter V 2 . The value of the grid resistance in 
general, depends upon the physical constants of the counter and may 
vary from 1 to 10 megohms. A resistance of 3 megohms is suitably 
for use at R^. The control grid potential E ff , which becomes critical 
under certain conditions, is regulated by the potentiometer P and the 
voltmeter V\. The screen-grid potential E ? , is not critical and its 
value is kept constant at 45 volts. A coupling condenser C is intro¬ 
duced in the output circuit ; the impulses obtained at the output 



may be further amplified by a second tube before passing them on to 
the recording circuit. 
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,■ F n ?.® r no F' nal conditions, i.e., prior to the passage of an ionising 
particle, the voltage E, maintains the control grid sufficiently ne^a- 

Uve to prevent the flow of any appreciable plate current through R.. 
e potential E fi is adjusted to such a value that the effective voltage 

fsTssumln t c °“ nter '? J ust above the threshold value, t.e. the counter 
" A^ ed t0 b ? ln , th ® Sensitive’ state. The passage of an ionising 

trodes 6 Th° U H h I th ® C0Un , ter | ni tiates a discharge 8 between its eiec g 

negative T fhLlh'*? ge makeS P otential of the control grid less 
negative, thereby mcreasing the plate current through R„ If the 

£o‘p"S r th j‘,r d ■sf -; 1 * 1 v f suffici « n * -i»«« I voiu*: 

tte V ‘ lue ' TI,U8 th » diool^rge i.°ex«/„gu shed «„d 

£ norm * 1 cond ' tions in * P eri “ d »y 

ti on J5 i e a a "'? li 1 fyi . ng aotion of the Pentode permits satisfactory opera- 

the 5 000 d f A y . 1 to 19 megohms, as contrasted with 

the 2!„r g T ° f the intentional circuit. This low value in 
the resistance results in a time constant small enough to nermh 

noted n8 holever S Tl K | gh *1 2 u«°’u °° P artic,es P er minute. It if to be 
practice h Sevimi fStl SUch . Mgh counting rates are never realised in 
the characteristieg ° r ® such a,s the piiysical constants of the counter. 
10 000 per Sniff °f • t , he , rec ' ordm g circuit, etc. limit it to about 

over the fivTper minute of A remendous Progress made 

nve P er minute of Rutherford’s first counter. 

to its^rre^nT* scaling circuit. No mechanical meter, due 

with the Neher^Harn^r pir° a > ac ^ leve the fast counting rates realised 
by an ingenious arr^n 1 cu ^ * ^ ut fc bis difficulty has been overcome 

■f »l, ' b V v aC «rn^w’M kn °'' n I s 

gistered on the JL “ impulse out of two, four, eight or more is re¬ 
will come in such “ ® r ‘ Th ° P robabilit y that two impulses 

is thus much.reduced. cess,on as n °t to be registered separately 

are used as “foertfalefflfO de ,y isec J b y Wynn W’illiams, thyratrons 
and the comparltivX , yS be . tween the fast incoming particles 
counting speed is mad! i!!^ W m ? Vlng mechanical recorder, so that 
device ancf dependent lnde P endenfc of the inertia of the recording 
circuit. Several unitfof ? 7 A” the electricai characteristics of the 
60 as to reduce the rite r' V ° y ra tr°ns each are arranged in cascade, 

the final countinj mte t C °m tlng f y ‘ factor <*two per u.dt. until 

meter to be used 8 j sufficiently slow to enable a mechanical 

t0 give a speed ^ducti^ f,f P 93 riH> T’* three SU ° h . units are s ,,ffl cicnt 
arrangement is called a i ° r <- 8 A 1 ? 1 ® 8 and > ln consequence, the 

factor is given bv o» ™u scale of eight ’. In general, the scaling 
units u ae d. For^xceedJlT 3 u” i! S th ° llu mber the “scale of two” 

25e ” ° an ^ sihVrts. of co,,ntiag ’ “ a sca,e ° f 
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(c) Background effect . The universal sensitivity of the Geiger 
counter, recording, as it does, identically all sorts of radiations, con * 
stitutes a source of difficulty which has to be eliminated or at leas_ 
minimised in practice. The counter responds to cosmic rays ana 
radioactive contaminations, so that the natural background is a ays 
present. Some idea of this background effect can be had Irom the 
following : A tube counter 1 cm. in diameter and 4 cms. in length 
gives a minimum of 10 to 20 impulses per minute, even w en no 
ionising source is used. This background effect can be reduced to 
about one-half b} T screening the counter with a few cms. ot lea . 


Point counters have a lower background effect, because of the 
smaller extension of the sensitive region. They are there 
times preferred for the measurement of a- or p-particles, w l e 
tube counters, on account of their higher sensitivity, are genera 


used for measuring y-rays. 

The Geiger counter, thus refined and fortified by auxiliary 
devices, has become an important and valuable instrument xnnuc e 
research — a veritable ‘‘ watch* dog” of the atomic world. 


2. THE SCINTILLATION COUNTER 

This super-speed counting device is a modern and highly 
advanced version of the simple zinc sulphide scintillation screen . 
employed by Rutherford and his co-workers. By the use of suitame 
electronic devices, it has become possible to remove the grea i _ 
factor imposed bv the visual observation in the ongma scin _ . 

method and the new technique has a capacity for counting _ 
surpasses not only the comparatively slow rate of its pro o yp > 
also the much more efficient Geiger tube counters. We s . 
describe briefly the chief components of the modern scin 
counter and then state some of its important uses. 

Components of the scintillation counter. The main parts 

are shown diagrammatically in Fig.283. They are . 

(1) A phosphor, i.e., a suitable scintillating material. In 
to a few natural mineral (inorganic) crystals, such as zinc P 


IncioUrd 




Electric 


pube 



Fig. 283. The scintillation counter. 

* l of 

calcium tungstate, etc., there are how available a great *\ uncl 
organic crj^stals, certain organic liquids and even plas 1CS mon 
scintillate when exposed to radiations and are called by t e c are nt 
name ‘phosphors’. The organic phosphors are all highly r^P, 
and can often be produced as large single crystals ; liquid p I 
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can be had in large volume, which thus extends the field of applica¬ 
tion oi the scintillation counter ; plastic phosphors are non-fragile, 
optically clear and can be obtained in any required size or shape. 
The most important characteristic of these phosphors is that the flash 
of light emitted by them is extremely shorty the resolution time within the 
phosphor being of the order 10" 10 sec. This is one of the reasons 

which make the scintillation counter more efficient than even the 
tube counters. 


' A photomultiplier which is an electron multiplier has already 
been described (c/. pp.' 212-3). • The output pulse of a photomultiplier 
is very narrow, since all the electrons do not arrive together and in 
consequence the resolving time of the tube ? i.e. y the shortest interval 
between two successive pulses which are registered separately, is of 
Ol der of sec. This is about ten thousand times shorter than 
the resolving time of a gas-filled counter, which is of the order of a 
microsecond. Hence, for work involving high counting rates or 
measurement of short times between the fast arrival of particles the 
photomultiplier is much superior to the Geiger counter. Of the two 
types of photomultiplier, the R.C.A. has a resolving time of 10' 9 sec., 
while the E.M.L 10 ' 8 sec. The lower efficiency of the latter is due 
to the somewhat long and variable time of transit from one stage to 
the next ; hence it is not so sensitive of the influence of stray magne¬ 
tic field as the former, which is an advantage under certain circum¬ 
stances of operation, e.g., in the vicinity of transformers. 

(з) Electronic valve equipment functioning as amplifier, scaler 
and register. Most parts of this component are common with those 
used with counters of other types, e.g. y Geiger counter. But, on 
account of the short resolution time of both phosphor and photomul¬ 
tiplier, the amplifier must have correspondingly ‘fast' circuits which 
have been readily secured by the recent development of transistors . 

a °tual set up of a scintillation counter with the above des¬ 
cribed components the following points are carefully attended to : — 

(и) Choice of the phosph or. This depends on the special uses of 
the counter. For example, when it is necessary to investigate the 
radioactive content of small weak sources, or of sources emitting 
radiation of low energy, a pretty large size crystal phosphor is taken, 

tV+u k°^ e * 8 d r *H e d. in \t and the radioactive sample is placed in 
at hole. A more recent and better method is to dissolve the sarn¬ 
ie l ° a l*9 u id phosphor, in which case practically all the emitted 

a * la absorbed within the phosphor, thereby giving a hi<di 

detection 'efficiency. ° 

T the phosphor demands the following conditions : 

ed that produced in the phosphor has to be exclud- 

the v* + 6 produced have to be efficiently directed to 

musfc*h° 0ca ^ a0C ^ e surface ol the photomultiplier ; (Hi) the phosphor 
uioistu 6 ^ ro ^ ectec ^ fr° m mechanical damage and if hygroscopic, from 
ce-, (tt?) the phosphor must be screened from extraneous radia- 
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tion. Isumerous types of phosphor-holder have been developed to 
meet these requirements, each depending upon the purpose for which 
the counter is designed. The problem of maximum light-collection 
from the phosphor has been solved by either silvering or better still, 
frosting all the surfaces of the phosphor except that through which 
hght passes to the photomultiplier. 

(<) Light guide is a device to make the light produced by the 
phosphor rejich the photomultiplier with as little loss as possible, 
chiefly when the photomultiplier has to be kept separated by a good 
distance from the phosphor, as in the case when a scintillation 
counter is used in conjunction with particle accelerators like the cy¬ 
clotron, employing huge magnets. It is usually a glass tube contain¬ 
ing water or a glass rod several feet long, at one end of which the 
phosphor is mounted and at the other the photomultiplier. The light 
from the phosphor is carried along the guide without much loss to 
the photomultiplier, thanks to the phenomenon of total internal re¬ 
flection. The light guide is usually enclosed in a light-proof outer 

covering. 

(d) Voltage supply to the photomultiplier . A constant voltage 
produced by a stabilised ‘power pack’ has to be supplied to the chain 
of resistors which divides the P.D. into the necessary steps to supply 
each dynode with its correct tension. 

(e) Discriminator in the amplifier-sc ler circuit. When counting 
the pulses caused by the incident radiation, it is necessary to exclude 
the many smaller pulses due to the spontaneous emission of electrons 
from the dynode surfaces. For this purpose, a ‘discriminator circuit 
is introduced between the amplifier and scaler circuits. It is an elec¬ 
tronic device for sorting out the required size of pulse from all those 
passed on by the amplifier. Such discriminators are used chiefly in 
the analysis of a heterogeneous incident radiation, when the com¬ 
ponents are to be separated and their relative intensities are to be 
measured. 

(/) Scaler and recorder . The scaling circuit is usually so 
arranged that the sorted pulses received by it are passed on m 
powers of ten’ to the recorder. Different kinds of recording are in 
use : the total number of pulses may be indicated visually or recor e 

graphically ; the count rate, i.e., the number of pulses in un ^ 
mav be directiv given by the recorder ; in some cases the ca o e 
ray oscillograph is used as the recording device. 

Thus, the scintillation counter is not a simple apparatus, but 
an assembl}' of several contrivances which can be varied to sin 
need The overall resolving time attainable by an actual scin i . 
counter is about lo-'-* sec., being limited chiefly by fluctuations m 
transit times of electrons in the photomultiplier and by ® 
time of the phosphor. 
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Some important uses of the scintillation counter. The 

scintillation counter fitted with any o‘ the known inorganic phos¬ 
phors has proved a very efficient detector of protons, deuterons and 
a- particles , even in the presence of a heavy background of (S- or 
Y-radiation, since the above-mentioned particles produce much 
stronger flashes than the electrons or gamma rays. 

Likewise, in the detection of y -rays, the scintillation counter with 
an inorganic phosphor, such as calcium tungstate, is much more effi¬ 
cient than other types of counter. This makes it well suited for 
measurements on weak sources, chiefly when the sources are a good 
distance away. For example, geological surveys for radioactive ores 
can now be made with this extremely sensitive counter from aero¬ 
planes, unlike the usual tedious and difficult prospecting on the 
ground. It Jias also proved an asset in reducing the‘tracer* dose 
used in medicine to a minimum, on account of its high sensitivity. 

For the detection of (3- particles an organic phosphor counter is 
commonly preferred. When the source is weak, it can be put within 
the phosphor itself with best results, as mentioned earlier. 

The scintillation counter has also proved quite good in the de¬ 
tection of neutrons. Since the organic phosphors used in the counter 
are rjch in hydrogen, the neutrons entering the counter readily re¬ 
lease ,by collision (chiefly when they are fast) protons which give rise 
to scintillations. An important technique used in this connection is 
known as the “scintillation telescope 1 in which a number of phosphors 
are arranged in a line to form a telescope that records only when a 
particle passes through all the phosphors according to a ‘coincidence 
technique’. The scintillation telescope has been found extremely 

helpful in the measurement of extremely short periods of nuclear 
isomers, of the order of 10* 9 sec. 

. Recently, many types of scintillation counters have been de¬ 
vised in the study of cosmic rays for the detection of mesons and 
other unstable particles of very high energy. This has been possible 
aue to the ability of the scintillation counter to respond specifically 
to events separated by extremely short intervals of time. The 
scintillation telescope forms naturally an important technique in 
ese investigations, since the axis along which the phosphors are 
mounted can be rotated, so that the particles arriving in any direc- 
lon relative to that of the primary beam can be studied. 

, But the most interesting and efficient type is the liquid scintil- 
ton counter. With the advent of liquid organic phosphors, it has 
coine possible to use large-volume liquid counters which are bound 

exA 1 i° W lght ° n P robIems not approachable by other methods. For 
enf» n3 ^ e# SUcb C0Un ters have been used in the measurement of the 
rg y s P ec trum of extremely fast moving charged particles met with 
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in cosmic rays or produced by the modern powerful particle accelera¬ 
tors, such as the synchro-cyclotron. The energy of the primary parti¬ 
cles analysed may go up to several billion volts and the scintillation 
counter technique involving a novel type of radiation is quite ingenious. 

In 1934, Cerenkov, a Russian scientist, discovered that very fast 
e ectrons moving through a transparent medium emitted light at a 
e mte angle from the direction of motion of the electrons. Such an 
effect was called Cerenkov radiation and was interpreted as due to 
the electrons moving with velocities greater than that of light in the 

me , mm w , re electric field of the electron is strongly perturbed 
and an optical “shock wave” is generated. Can a particle travel with 
a ve ocity greater than that of light ? According to the theory of rela- 

1 * i . . ' i^^li ^ 1 7elocit3 f greater than that of 

light m vacuum. In the present case, we are dealing with particles 
travelling in a medium with velocities greater than light and giving 
riM to a new type of radiation. That such a phenomenon really 
oe-rs can be readily understood by an example from acoustics. 
When an aeroplane travels with velocities smaller than that of sound 
in aii, t he sound emitted is due only to the oscillatory motions of the 
engines and other moving parts of the plane. Rut when supersonic 
velocities are reached, as in the case of modern jet planes, then 
even the uniform motion of the aeroplane produces an additional 
radiation of very intense sound waves called the Mach’s waves. 
On this analogy one may call the Cerenkov effect as “singing 
electrons . Cerenkov used (3-rays and Compton electrons. With 
electrons of 2 MeV fairly strong source of radiation could be had. 
The radiation was found to be bluish white in colour and was 
identical in appearance for all solids and liquids. Its spectrum was 
continuous. Its chief peculiarity was assymetric emission, t.e., it was 
emitted in directions making a definite angle with the direction of 
motion of the electrons and thus forming a cone whose axis was the 
path of the electrons. 

If the Cerenkov radiation propagates outward from the source 
in directions forming a cone of half-angle 6 whose axis is the path 
of the particle, it can be readily shown that cos 0 = cjnv , where c 
fs the velocity of light, n the refractive index of the medium and v 
the velocity of the primary particle. Putting vjc = (3, cos 0 = 1/P»* 
Since cos 6 is always less than or equal to unity, the condition for 
the emission of Cerenkov radiation is (3 n > 1. It can be shown that 
the total energy W thus radiated is given by 

w _ -5/vrfv (1 - ^r) 

where / is tha path of the particle and v the frequency of the emitted 
radiation. 

By observation of d in a medium of known refractive index, 
v can be estimated. 
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Cerenkov radiation is produced in the atmosphere by cosmic 
rays and can be observed as large light pulses directly correlated with 
the cosmic rays. It can also be produced artificially bj T allowing the 
high-speed charged particles, obtained from the modern powerful 
particle accelerators, such as the synchrocyclotron, traverse a trans¬ 
parent medium. 

m 

The Cerenkov effect can be used to detect high-speed particles 
and estimate their energy. Thus, R.L. Mather, in 1951, allowing the 
proton beam from the 184-inch Berkeley cyclotron to pass through 
dense flint glass (n = 1*925) or amorphous silver chloride (n = 2*07) 
was able to observe the Cerenkov radiation as a cone of visible light. 
Measuring the angle 0, he estimated the energy of the proton beam 
as 345 MeV. It may be noted that the Cerenkov effect can also be 
utilised to detect high-energy electrons in beams containing heavier 
charged particles such as mesons. or example, a beam of particles 
brought out from the target of the Chicago University synchro¬ 
cyclotron by magnetic deflection contained tt“ mesons of 124 MeV, 
mesons of 144 MeV and electrons of 220 MeV all having the same 
momentum. By allowing the beam to pass through 7 inches of 
aluminium, the speeds of both kinds of mesons were sufficiently 
reduced to prevent them from exciting Cerenkov radiation in a phos¬ 
phor. But the electrons still had enough speed to produce the 
Cerenkov effect and so they could be observed independently of the 
charged mesons in the same beam. 

Coming back to the liquid scintillation counter, with which we 

are dealing now, its efficiency can be understood by the following 
example. 

When a primary electron of very high energy is allowed to fall 
on a liquid scintillation counter, it first forms what is known as ‘elec¬ 
tron showers’ of lower energy. These ‘shower’ electrons are still fast 
and in their flight through the transparent liquid phosphor of the 
counter emit a small amount of Cerenkov radiations. Thus, it is 
possible to capture the whole shower within a single phosphor and 
collect the Cerenkov radiations in the photo-multiplier. Then the size 
f ^ e out I>ut pulses in the counter will be proportional to the energy - 
0 tne particle initiating the shower and the analysis of such super- 
cnergy particles can be made. The scintillation counter used in these 
investigations is known as the large-volume Cerenkov counter. 

lit ^ t may be noted also that a scintillation counter having 300 

1 " *9 l dd phosphor and 90 photomultipliers has been employed 

cent y m the detection of the most elusive of all nuclear particles , the 
rA^ Hence, the importance of this type of counter in modern 

^ earehes is readily understood ; it is now one of the most valuable 

l modern counter techniques. 
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3. THE CRYSTAL COUNTER 

hxr ° f this type of counter started with the discovery 

y bir K. Robertson, in 1934, that certain kinds of diamond, now 

n as type 2 diamonds, exhibited marked photoelectric or photo- 

con uctive effect when exposed to light. In 1945, P. J. Van Heerden 

ma e e first serious investigation of crystals as radiation counters. 

e was very successful with silver chloride crystals, but failed com- 

^ diamond, probably due to the fact that he could not got 
at the type 2 variety. In 1947, E. W. Wooldridge, A.J. Ahearn and 

* ^Rell Telephone Laboratories obtained positive 

resu ts with diamond as a-particle counter and in the following year, 

* b * Lurtis and B.W. Brown of the National Bureau of Standards 
^ eeded to build a diamond counter that detected y-rays. Thus 
e crystal counter was ushered into the experimental arena of 
nuclear physics. 

m nnfl co ^ ntor ( Fi ?- 2g 4) consists of a natural crystal ofdia- 

,si ver ehloricfe or lithium fluoride mounted between two metal 

electrodes maintained at a high 
voltage. Exposure to radiation 
causes a pulse of current to flow 
across the crystal and this pulse is 
then amplified. The mechanism of 
the observed current may be con¬ 
strued as follows : The impact of 
the incident radiation or particle 
knocks out a single electron from 
one of the atoms of the crystal 
lattice. The electron thus released 
is attracted towards the positive 
electrode and is accelerated as it 
Fig. 28i. Crystal counter. moves towards it. On the way, it 

hits other atoms and knocks more 
electrons from them, so that by the time the positive electrode is 
reached enough electrons have been made free to produce a measur¬ 
able pulse. 

-4 

This type of counter is found to be faster than the Geiger coun¬ 
ter, due evidently to the rapid rise of pulses and the short recovery 
time in the crystals used. The technique, however, is still in the 
4 initial stages of development, since suitable crystals have to be selec 
ted by trial and error ; it is found that while almost all diamonds can 
be used to detect a-partieles, only one in a hundred or so can be use 
for counting y-rays. 
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Ri . fitly, semi-conductors, like 
have been tried with better results. 


germanium and silicon crystals, 
A typical oscilloscope record of 



< a) (b) 

Oscilloscope pulses obtained with crystal counter : 

(«) diamond, (6) germanium using raonoenergetic alpha particles. 

m U onnli tal : ied *T thC bombardment of the crystal counter by 
mond Shi 8 ^ Particles is reproduced here : (a) refers to dia- 
, »’• ' G ' 10 8 ermanlum - It is seen that the pulse height dis 

ffe™i. 10n aS .u 6 aS the Signal to noise ratio are decidedly better with 

a time nfright promise of being a com pact, high-speed device with 
^ iime of resolution of the order of 10*» sec It requires onlv an 

scintilla*-' e ° nnectl0n > unlike the complicated light path linkage of the 

cles if th 1 ^ C ° Unter j ** responds to each of the basic nuclear part" 

* h6 appropriate shape and composition are used. 

CLOUD CHAMBER METHOD 

today fo r 6 the U stnHt mb / r !° f the most P owe rful tools available 

spectacularand min ^ lfi0lal , transmutation on account of the 
ablest the in .■ n y-sided results it is capable of producing It en- 

bysecure ZZtlZT *2* Ph °l° S u° f theat °“ 8 he there- 

hitting Another Ttn 1 ev j d , e / lce of , the track of an atomic projectile 
tion. With the counte V* u tracka °I the fragments of transmuta- 
mutation pass bv wfth t th hni i C,U ^ ° u® ^ hear the P article 8 of trans- 
fact contributes in no ^min Cl ° U<1 cha “ be u r one can fie e them. This 
nuclear processes analysed meaSUre> to the Evincing reality of the 

vides at SfeSSS Si i *u W °V < ^ rful a PP ara tus, unlike the others, pro¬ 
in the analysis of transmutat* ere i lt , lm P°rtant informations required 
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the aspect and size of the track can indicate the nature of the parti- 
c e and the curvature of the track in an applied magnetic field sup- 
plies the value of the energy of the particle that made the track. Thus 
the cloud chamber, in the hands of a skilful operator, is bound to give 
very precious data in the analysis of individual nuclear processes. 

iqo -7 prmaple of the cloud chamber, discovered in 

. ' y ,, " ' ■ dson, as well as its first application in the determina¬ 
tion ol the electronic charge, have already been given (Cf. pp. 39-40). 

Careful research as regards constructional and operational details has 
research 6 ^ ° ° Ud chamber a very valual >le tool in many a modem 

■ u The c 1 ou d chamber. In 1912, Wilson designed a cloud 
c lamber which made it possible for the first time to see and photo- 

graph the tracks of indi- 
vidual particles. This pro¬ 
totype of all modern cloud 
chambers is shown dia- 
grammatically in Fig. 285. 

A is a cylindrical expansion 
cloud chamber with walls 
and roof of glass, contain¬ 
ing dust-free air saturated 
with water vapour. Direct¬ 
ly below A is a movable 
piston P whose rapid des¬ 
cent produces the adiabatic 
expansion. A large evacua¬ 
ted vessel V is connected to 
the piston through a tube 
provided with a valve C. 
When C is opened, the air 
under the piston rushes 
into the vacuum chamber, 
thereby causing the piston 
to drop suddenly. The wooden blocks WW are to reduce the air 
space below the piston. .. Water . at the bottom of the apparatus ea* 
sures saturation in the chamber. The expansion ratio can be adjusted 
by altering the height of the piston. An electric field E is maintaine 
in A to sweep out the spontaneously produced ions that would create 
a diffuse fog. This electric field is usually cut off just before expansion- 

Immediately after expansion, the particles are allowed to enter 
the chamber through a side window ; droplets are formed on all e 
ions produced by the particle, so that they mark the track of the par * 
cle. At this precise moment, if the chamber is strongly illumine 
a horizontal beam of light Jj from a mercury vapour discharge * q{ 
the track of the particle can be visually observed as a white 
fog against the blackened top surface of the piston. The s 
dividual particles can be photographed by a camera, or better 



■tfvrx 
4 a 4 

Fig. 285. Wilson’s cloud chamber. 
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by two cameras KK focused on the interior of the chamber through 
iie glass roof. The various operations, viz., expansion, admission of 
ionising particles into the chamber, illumination and photographing 

must be performed in very rapid succession to obtain good” resuIts 

For this pui iose, Wilson used an ingenious arrangement with a fall¬ 
ing weight, which first opened the valve C and allowed the expansion 
' 11 ke place, then let the particles into the chamber and finally 
made a contact which flashed on the arc light and clicked the camera 
for taking the picture. As the chamber heats up very quickly, in 
about l/50th of a second, the observations must be completed before 

the chamber has become so warm that the condensation droplets dis¬ 
appear. ■ . < 


With such a relatively simple apparatus, Wilson and others 
were able to obtain beautiful photographs of individual ionisine: 

® uch as “-particles, |3-particles, etc. (Cf. pictures on pp. 349 
361 838, 842 and 852). The a-particle tracks are thick and straight’ 
while the elec .ron tracks very fine, evidently due to the widely diffe¬ 
rent ionising powers in the two cases. Photons do not produce bv 
themselves any tracks but manifest themselves bv the tracks of their 
secondary electrons. Hence it becomes possible‘to distinguish the 
particles from the different aspects of the tracks they produce By 
setting up a magnetic field of known intensity at right angles to the 
path of the particles photographed, the tracks obtained will be curved 
into circular arcs. Measuring the radii of curvature of these circular 
tracks, the energies of the particles which made them can be deter- 


Modern expansion 
cloud chamber. In the 

adjacent picture are shown 
two types of modern ex¬ 
pansion cloud chamber. 
The one marked A (at the 
top) is a horizontal chamber 
illumined by the arc 
lamp B. It is well suited 
for transmutation experi¬ 
ments. The other mark¬ 
ed C (at the lower half) is 
a vertical chamber using a 
rubber diaphragm instead 
of the piston, designed for 
the study of cosmic rays. 



Modern cloud chambers 


requirements^^nuclear Chamber to 

been made research the following improvements have 
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(a) The expansion technique. Mechanically the expansion is 
achieved in a variety of ways. A reciprocating piston to compress 
the gas slowly and expand it rapidly can be operated by a cam, by an 
electromagnet or by changing the pressure under the piston. Rubber 
diaphragm with similar pressure regulation provides another satis¬ 
factory method. Excessive turbulence is avoided by maintaining a 
geometrical simplicity in design and with mesh screens just below 
the active portion of the chamber. The operation of the mechanism 
of expansion is usually carried out by an electrical timing system so 
that expansions are produced at regular intervals of about 30 secs., 
in order to maintain temperature equilibrium. The same electrical 
system resets the chamber and controls the illumination and the 
camera, which thus renders the operation of the cloud chamber 
automatic. 


(b) The expaiision ratio can be estimated from the known con¬ 
stants of the gas and vapour in the chamber which produce super- 
saturation. It is, however, usually found experimentally, to get the 
sharpest definition of the tracks. For water vapour in air this ratio is 
in the region of 1*25 to 1*38, but is much lower for other vapours 
such as alcohol or for other gases as helium or argon.. For a mixture 
of water and alcohol vapours in argon , the ratio is about 1*12 and even 
less. 



(c) Nature and pressure of the gas in the chamber. Hydrogen, in¬ 
stead of air, is used along with saturated water or alcohol vapour in 
order to minimise the scattering effects which might distort the paths 
of the particles and thereby introduce error in the measurement of tne 
radii of curvature of the tracks when the energies of the particles are 
to be estimated. Chambers are constructed to function at low an 
high pressures. With high pressures of the gas and large diameters 
the chamber, the particle range observable in the chamber can be ^ 
creased to include the whole or even very fast proton tracks. „ 
use of low pressures (down to a few cms. of Hg) of the g& s ena 
particles of small energy, such as heavy recoil atoms from 
tions or scattering processes, to be observed. 

( d ) Illumination and photographic techniques play a great p a ^ 

the perfect recording'of the tracks. As a source of illummfri'ion, 
carbon arc is used with an arrangement whereby the power 
momentarily short-circuited to give a flash of intense 
Capillary mercury arcs , burning aluminium foil in a current oj o 
are also found satisfactory. Wilson used two cameras set a a 
in order to obtain simultaneously two stereoscopic j ^ wr ^fL n gtruc- 
tracks. This method which is frequently used enables the re an( j 
tion of the paths of the particles in space, so that their Ta. & (1932) 
directions can be easily measured. A modification by system, 

replaces the two cameras with a single -camera op j c pic- 

equipped with mirrors and a prism, to take the two ste r *u u _ 
lures on a movie film. With the automatic device to co * trol has bee n 
mi nation and a cinematograph camera, once the appara us 


line is 
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. 4 L — . • photographs can be taken in a short 

S a n V S "T SSar ‘ V T h f n rare P he,lome ““. 'ike artificial transmuta- 
tions, are to be recorded. 

» W Source °f tke ionising particles. For a-particles the source is 

usually placed inside the cloud chamber. The source of p-particles is 

arranged outside the chamber and the particles allowed into the 
c lamber through a thin window, y-rays are studied by observing the 
secondary electrons produced in the chamber by Compton, photo¬ 
electric or pair production effects. For the Compton effect, a thin 
leet of carbon is placed within the chamber and irradiated with 
T-rays. For the other two effects, a thin sheet of lead is used In 

< „f neutrons, the chamber is filled with hydrogen gas and 

collide Idfhth rl the rCCOil P rotons chased by the neutrons that 
unth the hydrogen atoms can be observed and photographed. 

mutation ° f pS e eXpanSi ° n , Cl ° ud Camber in artificial trans- 

specially to’^the P S22° n Cl ° Ud chamber mefchod iends itself most 

v. here the element to be 

transmuted is in the 
gaseous state. Thus, 
for instance, Blackett 
employed it successfully 
m the transmutation of 
nitrogen by a-particles, 
as already indicated on 

JfS®. A study of 

the forked tracks obtain¬ 
ed in such cases, by re¬ 
constructing them in 
space, measuring the 
angles between them 
n their ranges, gives 
very valuable indication 

nature of the 



( a ) (b) 

Cloud chamber photographs of olastic colli- 
sions : (a) a-particle with a He nucleus 
( 6 ) ^-particle with a H nucleus 
{Rutherford, Chadwick and Ellis) 


S'Transmutltion ^of 8 ! h queSt ! 0n of a “ ere elastic collision or of a 
photographs of elastir/ nuc ® us truck - Two expansion chamber 
gen nuclei arcri ^ co ”*sion8 of a-particles with helium and hydro- 

transmutation S { % als ° P ‘ 351 )- Feather discovered 

•uoawon with neutrons by the same method. 

ably aianLdTT r° ^ tran8muted is in th « solid state, it is suit- 

the ProieJ] * he J° Tm ° f a thin tar 6 et ^side the chamber so that 

mutation can b^" CffeCtlVely bombar d it and the particles of trans- 

D ee and Gilb 6 “ nVeniently Photographed. Thus Cockcroft, Walton, 
and Gilbert were able, to obtain splendid photographs of 
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,h^- s^h^id. *m oatmi tin 'r 1 ' 1 ' 

(ii) the range of the 

particle may exceed the dimensions of the chamber so that t ie 
whole track is not photographed ; (Hi) there remains a ce in 
amount of uncertainty about the nature of the nuclei constituting 
arms of the forked tracks, chiefly when the agent of disintegra ion ^ 
neutron whose track is not registered by the chamber, as it is n 
electrically charged ; (iv) as the chamber contains several gases, 1 
at times difficult to know which of them has suffered transmu a 1 * 

(r) the knowledge acquired about the range-energy relations or * 

recoil nuclei is still insufficient and this handicaps the accura y 

the observations. 

Another major difficulty of the method is that the a 

records only the particles which fly off during ahun re . ^ 
second about and then lies idle for several seconds and more, „ 
is being prepared for its next brief interval of effectiveness. ^ ^ 
tions suited to good track formation last for about ® ne " eX . 

second, which is called the ‘sensitive time 5 of the chain er. „ era ^ ure 
pansion results in a turbulent motion of the gas and the 

differences give rise to convection currents. The swl . r l* n r another 
must die down and the temperature return to normal e o . w jjjch 
expansion can be made and this may require about a 0 b]jged 

is called the ‘dead time’ of the chamber. Consequently, OI ^, ef 0 f ex¬ 
in the study of a rare phenomenon to make a grea nu ^ith the 
pansions and photograph almost endlessly, before one mee ousan ds 
event looked for. Thus only a few in hundred and e reason, 

of photos taken may become useful. Further, f° r * e . number of 
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nrst conceived and realised in practice by Prof Blackett in icm 

«**. other 'iniffi 
is suited exclusivelyforthe cha ^er. The former 

therrforef dea^here 

the treatment of the other technique ££'35J£l“ clsm™ 

in nuclear and cosmic ray researches sn eh ° n ^ T en g a « ed 

of Technology Universitv nfPU. ’ t t b the Ca,lforma Institute 
p . JP’. n 7! 7 ° f das 8 0w , University of Liverpool, etc. 

obtained bv^he dlffus^o^ 101 ^ cha “ bers - the supersaturation is 
sation occurs ouTons in ato, 1116 ^ gaS t0 the C0,d floor - Oonden- 

vapour supply is constantlv reT 6 a ^ e J near the bottom. Since the 

the chamber is almost nntf' P ? nJ3hed by d,ffusion the roof, 
temperature and wSTfift sens itive to ion tracks. When the 

state, tracks may b e P seen format *i£ V0 8ett l ed down to a steady 
under gravity to'th. i forn Vng m fc he sensitive region and falling 

11 .-** “ ke half “ h °' r to »*oh th* 
lets, with the duft ™ Pt i tbe air , l 9 d '. lst y> a dense cloud of drop- 
ally disappear Rv r> ° 6S as nuclei * w ill be seen to form and gradu- 

»»deAK th «®LS r ~ of * h,! operatin * ““&C 

metres. The diffusion elm w gl ? n °^ n be lncre ased to several centi- 
than the expansion cloiiJ°ei? cbamber . ,s normally simpler in design 
and resetting mechanisms.^bamber, as it has no moving parts, valves 

theactS^^u^tiS^of a^Jiff e are , man ? variabIe quantities in 
affected by increasing f” davo ^ ed findil1 g how the operation is 

changing the gas in thecha ,C K UC,n8 u he pres3ure in the chamber, 

the temperatures at the t mbe . r ° r the condensant vapour, altering 
chamber, etc The ml£ P ^ h ° UOm &S Wel1 as tbe of th? 

ment which R. p. Shutt ™,h^^. p ® ri i n . en t s an d the theory of the instru- 
give only the esscntiT.fet . W ‘ th formatioi >- Hence we shall 

cessful operation of *a chtTmber ofThSind. 1 ^ cunrtructton ' a » d 8 - 

juade w!tht:tTnt r ’ dia 8 ram matically in Fig.286, is usually 

ba ight, strengthenecf by a hr ° n6 ^ “ diameter and haIf a foot in 

bottom of the chambers * T th P^pex windows. The 

thick blackened with a me tal plate (brass or aluminium) V* inch 
bottom surface b^omet 1 Polish or black bakelite. When the 

for SS2JZ V& "MhlUdH. it forms oxcoll.ot 
68 ® P^y* The roof of the chamber is a metallic 
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plate, with v a central gla«s window for observation and photography. 
The top and bottom plates are sealed to the glass ring with rubber 
gaskets to have the chamber gas-tight. 


WINDOW 


Liquid Condensant 
Condensant Vapour 



Dry gas 


-Heater 

Veluet-pad 


^Sweeping 

electrode 

Illumination 

/ 

Cooling liquid 

"for Chamber 
' floor 


Fig. 286. Diffusion cloud chamber. 

(2) The condensant liquid is contained in a ring-shaped meta 

trough just below the top-plate and an electric heater is used to 
mote evaporation. The bottom of the trough has small perforation 
and is covered with a velvet pad which thus gets uniformly soax 
with the liquid. It is essential for the maintenance of stable opera¬ 
tion that the condensant vapour should be light as compared wlt; h 
gas used in the chamber. The deepest sensitive layere have been 
obtained with mixtures of methyl alcohol, ethyl alcfohol »nd . ' 

However, since the composition of the mixture changes with ev p 

tion, pure methyl alcohol is usually employed 

(3) The gas in the chamber. Air may be used as the inert g . 
in the chamber, although argon appears to give better results. M W 

alcohol diffusing through air at atmospheric pressure “J haValso 
satisfactory. Lighter gases, like hydrogeh and helium, hav 

been used under high pressures chamber. 

(4) Temperature conditions of the bottom and top of 

The bottom of the chamber is usually maintained at about-wv J 
a block of idry ice’ pressed firmly against the metal ba « e T | a t , 
other method of cooling is by partially submerging ‘ be b ® se P „ f the 
a bath of alcohol and dry ice. Although the temperature 
floor of the chamber is not very critical, it is desirable tion . 

be below —40°C to obtain a suitable high degree of^supe t ^ 
The top of the chamber is maintained m the f ea8 and 

depending on the size of the chamber and the na . .» e jjgpth 

vapour used . As the temperature of the top is ^creased, tbe^dep ^ 

of the sensitive layer is increased until an optamn ^ ^ jffflrent 
reached above which the sensitive region breaks p 
layers, which is evidently to be avoided. 
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( 6 ) The electric sweep-field applied between the top and bottom 
plates of the chamber is found necessary hfere also as in the case of 
the expansion chamber. The purpose of this is to remove from the 
chamber any ions left over rom old tracks which may otherwise act 
as centres of condensation and cause droplet formation. This is 
desirablenot only to prevent unwanted background drop ets from 
confusing the pictures but also to avoid depleting the vapour supply 
in the sensitive region. The sweep field voltage depends on the actual 
working conditions of the chamber and may vary from 20 to 100 volts 
per cm. It is usually switched off shortly before taking photos, so 
that the tracks themselves, consisting of a double row of positive and 
negative ions, are not pulled apart and thereby lose their sharpness. 

It is to be noted that a number of other components, such as 
flash lamps of high intensity, cameras capable o taking stereoscopic 
photos of the tracks, etc., are also necessary to complete the const¬ 
ruction of a diffusion chamber, but, as they are common with the ex¬ 
pansion chamber technique, we shall not deal with them.- 

As an example of the actual operating conditions and perfor¬ 
mance of a diffusion chamber, we shall mention briefly one of the re- 

Sea ^ C u c . ond Y cted R Shutt and his associates in 1951. They 
used the diffusion chamberxto investigate the collisions of negative 

pi-mesons with protons. The pi-mesons were artificially produced 
with a particle accelerator. The chamber was filled with hydrogen at 
a pressure of 21 atmospheres to supply the protons. With the top of 
le c amber at 20 C and the bottom at — 65°C and using methyl 
a cohol vapour, they obtained a track-sensitive layer 6 cm. deep. Tho 

«hn fOA i0n sourcc was pulsed every 4 to 6 sees., so as to produce 
u . 9 meson tracks in the chamber which were photographed ste- 
oscopically. Between pulses a sweeping field of about 1,000 volts 
applied while tracks settled down and vapour was replenished. 

Were a ^ le t0 take 5)600 photos in a day, one of which is 

ft ft of 0aU °^ d h , ere * In amon g other events, we see the following 
case quite clearly. A negative 

pi-meson entering the cham- 
©r at A, strikes a proton and 
eaves at B. The struck pro¬ 
ton recoils towards C. 

/iifl* *^ e advance of the 

diffusion chamber over the ex¬ 
pansion type is its nearly con- 
tnuous operation , when once 

wf>rL- aPParatUS settles down to 

thpr k ‘ u ? conditions. Although 

this *1 a u‘ dead time> w *th 

which tte"™,,,.*!* 0 • (d, T 8 

to boilil 8ens,tlve region has 

conofinl . ■ Up t0 the required 

the pts^r f V u P ° Ur after 

inn; P assa S e of each burst of 

©nising particles) it is pa« Photo of tracks in a diffusion 

/ ^ is con- c]oud chamber (R.P. Shuttj 
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siderably shorter than that of an expansion chamber of comparable 
size and gas pressure. Other points in its favour are comparative 
ease and cheapness of construction, lack of moving parts such as 
diaphragms and valves, absence of swirls and eddies which distort 
the tracks, etc. The technique is still in the initial stages of develop¬ 
ment, but promises a bright future. 


PHOTOGRAPHIC EMULSION METHOD 


Although the basic discovery of the photographic emulsion 
method was made as early as 1911 by S. Kinoshita and M. Reing- 
manns who observed that a-particles, moving through the sensitive 
layer (emulsion) ol a photographic plate, produced, in some cases, 
developable tracks that could be rendered visible under a microscope 
as rows of dark silver granules, this technique as a research tool for 
the detection of charged particles was left undeveloped for quite a 
long time, on account of certain inherent difficulties, such as small 
penetration of the particles in the emulsion, complex and variable 
nature of the emulsion, etc., which were thought almost insuperable. 



mutation. The two scientists 
mainly responsible for such a de¬ 
velopment are Dr. C. F. Powell of 
the University of Bristol, England, 
and his collaborator, G.P.S. Occhi- 
alini, who, since 1938, have devo¬ 
ted themselves with untiring zeal to 
the resolution of the several pro¬ 
blems involved in the technique 
and have already achieved remark¬ 
able success. To these scientists 
must be added the names of the 
two well-known photographic com* 
panies, Ilford Ltd., in the first 
place and then Kodak Ltd., whic 
have produced the special plates 

required. 

The fundamental princi¬ 
ple of the method is simple and 
almost the same as that of ordinary 
yed .particles, when allowed to ^ a 
have the same effect on the sensitive 
sure to light. Jtist as the latent 
>hed is preserved by the silvar hahd 
j nion fiiA i.rucks of the charg 
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These can be viewed < *ectly under a microscope or projected on a 
screen and photographed. 

Technical details. In the practical application of this princi¬ 
ple to the detection and analysis of particles of transmutation, im¬ 
provements had to be made with the photographic emulsions to ren¬ 
der them sensitive enough to react effectively to the particles under 
study and several difficulties had to be overcome in the analysis of 

the photographic records obtained. These various technical details 
may be summarised as follows : — 

(t) Preparation of special photographic emulsions. In the ordi- 
nary photographic plate, the number of grains that are “exposed” 
by the passage of a particle through the emulsion is not great enough 
to make interpretation of the plates easy. As early as 1939, 
Dr. Powell had been in touch with Ilford Co., with the hope of then- 
preparing plates in which the number of sensitive grains would be 
greater than normal. The first attempts met with little success and 
it was only in 1947, that a series of new plates was produced with 

a very high concentration of sensitive 
grains , about ten times as much silver halide for a given quantity of 
gelatine as an ordinary emulsion. This close packing of the grains 
would enable the t rack lengths of the particles to be measured accura¬ 
tely and hence energy determinations based on track lengths become 
more reliable. * 

f these special emulsions, the size of the sensitive grains vary 

Jrom p to 0 j/x according to which the- dif ferent grades ol plates 
are named A, B, C, D, etc. By varying the average size of the grains 
is possible to control the sensitivity towards different types of radi- 

a Thus a plate can be prepared which will permit a somewhat 
se ective detection of protons, a-particles or fission fragments. 

(f ^\ ese specially prepared plates have also much thicker coatings 
J emulsion than in ordinary photography , a thickness commonly em- 

an^t 100/x (1/10 mm.). This would be the longest distance of 

^ y track in a direction at right angles to the surface of the plate. 

nee the range of particles in the emulsion runs from 10/x to a full 

thft *® an y tracks could be followed only when they run parallel to 

tion^n s 1 urfa J ce * Ttie photographic record of a nuclear disintegra¬ 
te f Wil ™ l us be a star-shaped explosion within the emulsion, with 

tinno^Q °* ^suiting particles scattering in a variety of direc¬ 
an 1 ° me m ^bt leave the plate before their course is completed 
rancma QrS re st within the emulsion, in which case their 

the em 0 ?^ e measured. For the recording of particles which enter 

verv^? 1 ? 11 at lar , ge an 8 Ie3 with regard to the plane of the emulsion, 
y thickly coated plates up to 300/x have been uRed. 

prenarln experimental set-up. The arrangements of the specially 
extent 08 t0 - recor ^ nuclear phenomena depends to a great 

thods htt u P ar ^ lcu ^ ar problems to be solved ; but two simple me- 
tinn VG oen U8e< * 80 ^ ar t in connection with artificial transmuta- 
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One of them, applicable to cases where there are only two pro¬ 
ducts of disintegration, viz,, the recoiling nucleus and a fast light 



Fig. 287. Apparatus for exposiog 
photographic emulsion to particles of 

disintegration. 


particle, such as a proton, is 
shown diagrammatically in 
Fig. 287. The . bombarding 
beam, say of deuterons, ac¬ 
celerated by a Cockcroft and 
Walton tension multiplier im¬ 
pinges upon a sample of the 
- element, say lithium. The 
resulting particles, protons, 
may be stopped to a known 
extent by a mica window and 
then passed through a diaph¬ 
ragm into a camera and on to 
the photographic emulsion, 
the angular position of which 
with regard to the direction 
of the incident protons may 
be varied and measured. If 


necessary, the camera chamber can, be evacuated. The protons 
falling on the emulsion will produce their characteristic tracks in it, 
which, after having been developed and fixed, can be observe 
and studied. The application of the law of conservation of m o- 
mentum allows the analysis of the transmutation process from obser¬ 
vations on the one track recorded in the emulsion in such cases. 


The second method, well suited to cases where several partic es 
are emitted in a given disintegration, consists in incorporating e 
elements to be transmuted in the emulsion. The emulsion of a p o 
graphic plate normally contains a number of elements, notably * 
ver, bromine, iodine, carbon, hydrogen, nitrogen and oxygen. 1 

when ordinary plates are used, one can expect to find only trans . R . 
tations of the nuclei of these limited number of atoms. 

Dr. Powell has developed methods of introducing into the emu ^ 
almost any other element which one desires to transmute. Ibis . • 

be done by simply mixing a salt of the material with the o . ? . »# 

gredients of the emulsion during manufacture, or by ysan wus 
a thin layer of the material between two layers of the ’ j e „ 

better still, introducing fine, insoluble particles of the . n£rll j s h. 

ment into the emulsion, of such a type that they could e . _ 0 f 

ed from developed silver grains, in the microscopic exa ™ n bserv- 
the processed plate, by their size or Colour, in which case Mrt j. 

ed disintegration can be identified with certainty as due 
cular types of nucleus. 

(tit) Photographing the tracks of particles on a c f t he 

In order to conveniently observe and study the minute 
particles in the sensitive layer of the plate, they are mag ^ imxner - 
siderably (1,000 to 2,000 times) by a microscope with *n ou _^ 
sion objective of high aperture and adequate sub-stag 



PHOTOGRAPHIC EMTJL8ION METHOD 


919 


in good adjustment). The magnified image ol the tracks is projected 
on a screen and photographed. If a track happens to lie in a plane 
parallel to the surface of he emu lsion, it can be photographed with 
a single exposure. If, on the other hand, the track dips into the 
emulsion, it is necessary to focus on < ifferent parts of the tracsi in 
turn and take a series of microphotographs. These are afterwards 
carefully arranged to form a mosaic. 

I)r. Occhialini has designed and constructed an ingenious form 
of projection microscope, called the telephanto which is of great value 
to this part of the work. It is capable of automatically scanning the 
complete area of any plate which is put into it for projection. It 
also varies its focus periodically so that all sections of the plate may 
be examined, in depth as well as in area. When it is in operation, it 
creates the illusion that individual tracks and “stars”, which n ay 

have been left weeks before in the plate, are alive and moving. Apart 

from its value in Speeding up examination, the same equipment can 

be used with manual control to photograph the projection screen, 

^ith the microscope focused at different depths, so that complete 

pictures can be taken showing tracks in three dimensions in one flat 
plane. 

(ui) Analysis of the tracks . Generally speaking, the nature of 
the particle can be deduced from the appearance of its track, which 
depends upon the number of ionisations the particle causes per unit 
^ength. The chance that a silver halide grain is made developable 
. ®P®uds of the number of ionisations it receives. An cc-particle with 
its twofold charge and mass of four units causes many more ionisa¬ 
tions per unit length of path than, for instance, a proton of the same 
energy with its single charge and unit mass. Hence the intensity of 
ionisation produced by an a -particle is more than sufficient to render 
developable all the silver halide grains it traverses. A proton having 
the same initial energy as an a-particle but a greater speed will 
cause so few ionisations in individual grains that not all the grains 
at the beginning of the track will be made developable. It is this 
c aracteristic which enable^ the investigator to distinguish between 
a-particle and proton tracks in the photographic emulsion. For the 
same reason, a deuterbn track will be roughly intermediate between 

ose of the proton and a-particle. Although electrons cause ionisa* 
ion an undoubtedly bring about a blackening of the emulsion, 
actual electron tracks are not easily observed. This is partly due to 

tlf mass, which causes them to ba scattered in zig-zag 

pa s in the emulsion. In addition, the ionisation per unit length is 
much weaker than in the case of protons. Another difficulty is the 

oTiv ^ round grains, (t.e., those which are developable without 

thf* w hich makes it impossible to the observer to distinguish 

develo P able b y electrons. Recently, however, (1948) 
eleckonB * P roduced an emulsion suitable for the detection of 

its e £ 6rg . y !* be P ar ^ c ^ e cai1 be determined from the range of 

ut m this connection there are a number of points which 
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have to be carefully solved. In the first place, there is an appreci¬ 
able shrinkage of the photographic emulsion in processing, amount- 
ing to as much as 43%. Dr. Powell's greatest achievement, accomp* 
ished by long and patient investigation, is that he developed a 
method of measuring the particle tracks accurately in spite of this 
shrinkage. He was able to establish that the vertical shrinkage of 
the emulsion was not only uniform over the central area of the plate 
but was also constant for all plate 3 of the same type. 

Secondly, since the emulsion is a mixed material, it is of equal 
importance to obtain a direct and experimental comparison between 

the ranges of particles of 
different types and speeds 
passing through air and 
through a photographic 
emulsion. This compari¬ 
son work is carried out as 
follows : Firing a given 

kind of particles, whose 
range in air^ is known, 
into the, photographic emuT* 

• sfon* a range calibration 
for the particular emul¬ 
sion in use can be made. 
Thus, for instance, using 
the a-particles from polo¬ 
nium which is nearly a pure a-emitter, if the source is placed at in¬ 
creasing distances from the photographic plate and the correspond¬ 
ing lengths of the tracks recorded in the emulsion are measured, it is 
found that (a) the number of silver grains produced in a track is 
directly proportional to the length of the track and (6) the range 
(3 8 cms.) in air of a-particles emitted by Po corresponds roughly to 
20 to 25 m in a photographic emulsion as shown in Fig. 288. The 
range in air of an unknown a-particle can therefore b# easily deter¬ 
mined from the length of its track in the emulsion using the calibra¬ 
tion curve and consequently its energy calculated from the well- 
established range-energy relation in air. 

. The stopping power of the emulsion is, in general, about 1»J00 
times that of air f i.e oite micron of emulsion is equivalent to abou 
0*17 cm. standard air. For precise work, each type of emulsion ® us 
be calibrated. For the-Ilford B-2, C-l and C-2 plates, it has been 
experimentally found that 1 MeV energy corresponds to a range o 
14*5p, for protons and 3*52m for a-particles, Tfrhile 10 MeV energy 
564m for protons and68/x for a-particles. 

Thirdly, as the emulsion is three-dimensional and the tw® 
recorded might run in any direction, methods have to be devisea 
accurately determining the “angle of dip” of individual tracJts 
relation to the surface of the plate. If a particle enters tnep 
obliquely as shown in Fig. 289, the actual distance it travels (A ) ^ 
greater than the apparent distance travelled (BC). The true eng* 


6 iZ 16 20 £Q 

tfU&sxci, of Jou&ce, from piojCL InT nuou 

Fig. 288. Calibration of range in emulsions. 
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of the track can be found as follows : With high power magnification 

two set ,mgs of the depth screw of the microscope having an eve- 
piece scale in microns are obtain- - 

ed, one on A, the first grain near 
the surface and a second on C, 
the last grain on the track. From 
the depth AB and the projection 
length BC, the actual range AC 
can be calculated. 



The photographic emul¬ 
sion method in use. Some of 
the. applications already made 
give us an idea of how this 
method has developed into a 
powerful tool. 

Fig. 289 ; 

r ftH in,lrL Z)eC C / °f r( ^ ioactiw substances. The cc-decays of radium and 
ola e k h^ ^7 bee f n Studied by this method. the photographic 
active suhtt» hed f ° r f feW minutes in a solution of a salt oftheradio- 
for thr U ® f C ° Under test ’ then dried and kept in a light-tight box 
exam in*H r /° U day ^ ^ hen the plate is then developed and 
Each arm of thn t te epbanto > numerous star-like images are seen 
from the radinnfv+- S ar ^ J J ,resents the track of an a-particle ejected 
cognisable frn t, * Ve su ^ s t anc e, electrons and y-rays leaving no re¬ 
identification of 8 tl 1 16 emtds * on the case of radiothorium the 
daughter element V ra T S ar “ S as corresponding to a particular 
method also nermft ^ 1 '° *7 measuring the length of the tracks. This 

substances as wltT * !f St ,V dy ° f the decay of ver y weak radioactive 
Lattes and puer . 1 ^ J done with the element samarium by 

Cuer uho found long range a-particles emitted by this 

— element. 

(6) Artificial transmutations . 
Significant and convincing results 
have been obtained for nuclear dis¬ 
integrations of elements by expos¬ 
ing the photographic plates to high 
energy particles according to the 
two methods already described. As 
an example, let us consider the 
transmutation of nitrogen by high 
energy deuterons studied by this 
method, as illustrated in the ad¬ 
jacent photo. The tracks of three 
deuterons of initial energy 8*9 MeV 
enter the emulsion from the top of 
the plate at a small glancing angle 
of incidence. One of them bombards 
a nucleus and leads to the e jection 
of four particles which from the grain 
spacing in the tracks can be identi- 



nitrogen into 
particles by high energy 
deuterons. (Powell) 
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fied as a-particles. From the observed ranges of the particles, their 
energy and momentum can be determined. The vector sum of the 
momenta is found to equal that of the incident deuteron and the total 
energy corresponds to that expected if the transmutation is correctly 
represented by the equation 7 N 14 -j- jD 2 4 2 He 4 . This result is 
produced evidently by the disintegration of a nucleus of nitrogen 

contained in the emulsion itself under deuteron bombardment. 

——— * £ 

The special type of disintegration, known as nuclear fission, has 

also been studied by this method. Very interesting and complicated 
fission tracks were obtained by Livesey and Green at Cambridge and 
by Joliot at Paris. The recording of fission fragments present specific 
photographic problems ; a special Kodak photographic emulsion for 
fission studies has recently been introduced. 

(c) Cosmic ray research . The photographic method has proved 
to be of particular interest and importance in the field of cosmic rays, 
where the events are less frequent than in the case of artificial nuclear 
reactions. Powell and Occhialini, by merely exposing a set of special 
plates to cosmic radiation for a few weeks at high altitudes, have 
obtained a record a nearly 3,000 individual transmutations of com¬ 
plicated types. All of these have not yet been interpreted. A number 
of spectacular observations, however, have already been made/ 

In one type of disintegration, illustrated in the adjacent photo, 
a nucleus, probably of silver, has been disintegrated by £ 

cosmic ray particle of very high 
f r ; Zl energy of about 1000 MeV. The 

\ ~ * ;< tracks of seven protons (very fine), 

I five «• particles (thicker) and a 

% S'** tz ! number of fission fragments (dense 

and short, near the centre) can be 
i distinguished. Most of the p* r ** 

t lj§ cles pass out of the emulsion m o 

the gl*M» or out of the surface, *» 
that their range and hence tneu 
energy cannot be determined 
'MqmAfchid s'!* accurately. Among other ne 

types of disintegration, sev e 
; if • vj examples have been found 

f ft# could be attributed to the bom* 

Mill • V■*Pi bardment by the mesons of cosmic 

^ rays. Just at present, it is chiefly 

Explosive disintegration of a silver in the exploitation of cosmic ^ 

nucleus by cosmic rays as a research weapon that tne . 

(Powell and Occhialini) technique of Powell is most clear v 

proving its worth. As an instrument to detect moving charge 

particles it is equivalent to' the cloud chamber. 

The special attractive features ^ 

are : it is continuously sensitive during the whole of . genB itive 
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only for a fraction of a second after an expansion and remains in¬ 
effective for several secern Is between successive expansions ; it is also 
simple , inexpensive and light weight , unlike the elaborate, co 3 tly and 
heavj' cloud chamber ; in special problems it permits analysis from a 
single, direct and permanent record while several thousands of stereo¬ 
scopic cloud chamber photographs would be needed to obtain the 
same result. 

. The two great limitations of the method are the uncertainty 
in range measurements , chiefly for steep angles of incidence, and the 
impracticability of measurements of curvature in a magnetic field on 
account of the very short length of the tracks. The cloud chamber 
proves itseli superior to this method as regards these two points. It 
might therefore be said that at the actual hour the photographic 
method is complementary to the cloud chamber. 


RESULTS OBTAINED FROM THE EXPERIMENTAL STUDY OF 

ARTIFICIAL TRANSMUTATIONS 

These results are so vast and varied that it is not possible to 

give ere a detailed account of-them ; nor can this serve any useful 

purpose to the general student. It is more profitable to indicate first 

tho main guiding principles used in the classification and interpreta- 

1011 of results, then study certain prominent types of reactions that 

urow light on the nuclear structure and finally give an account of 

some very important discoveries, such as the neutron, artificial radio- 
actioity and nuclear fission. 


G V^ I «iL^!? ICIPLES IN ™ E CLASSIFICATION AND 

interpretation of experimental results 

_ < 1 » Bohr ’f theory of nuclear disintegration. In 1936, Bohr 
JLiT ! d V imp ! e theory which is well adapted to a clear and easy 

.. g ? f , the mec hanism of disintegration. Considering the 
strv\M of the constituent particles'in the nucleus and the very 

ties wilM» Ce8 ^ a jj 8 ;* “short ranges” between them (these proper- 
lilfp „ j b ° considered later), he assumed that the nucleus is somewhat 

ca' 0 *, ° hquid. When a projectile strikes a nucleus, it is first 
srilio i 1 an tw<em ? dia *e compound nucleus is formed. Due to the 
ted in rlT ea ^ Ptopctt* 63 stated above, the energy initially concentra- 
of thn ® l 8 ver y rapidly distributed among all the particles 

liauM a mpou ” < * nucleus which therefore resembles a « 'heated up' ’ 
statin™ 1 * an .? "? ay be considered to exist in a variety of “ quasi- 

ex ?states”. For instance, in the case of the capture 
the * IC e a nucleus, once the compound .nucleus is formed, 

but as P twn C 6 n n ° 1 nnger be considered as an independent entity, 
neutrons on3 * wo neutrons among all tho other protons and 
nucleus™. . r . a 8lmi,ar reason, an a-particle ejected from the 

individual COnsidered as “ pr e-existing’’in the nucleus as an 

# 

* 

one D^+ini 8 a lt l. 0n !u take , place between these excitation states in which 
P le or the other of the compound nucleus is separated from 
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o^ie resfc and the residual product nucleus is formed in the following 
manner. Each of the particles of the compound nucleus will have 
some energy, but none has sufficient energy to escape from the rest. 
Only after a comparatively long time, sufficient fraction of the excess 
energy is concentrated again on one of the particles to enable it to 
escape and we have a disintegration. This process may be compared 
to the slow evaporation of particles from the surface of a liquid drop. 


It may be noted that the penetration of the projectile into the 
nucleus as well as the escape of a particle from the compound nucleus 
are governed by the same wave-mechanical principles, as already ex¬ 
plained in connection with a-particle disintegration (Of, p. 824). 
Particles with much lower energies than are needed to overcome the 
potential barrier can penetrate into the nucleus, i.e ., can be “captur- 
ed” by the nucleus. Likewise, with the compound nucleus in a high 
energy state caused by the capture of the projectile, there is a de¬ 
finite probability that one of the many energy changes will result in 
giving a single particle sufficient energy to leave the nucleus, although 
this energy is less than the height of the potential barrier. 


(2) General scheme of nuclear reactions. According to 
Bohr’s idea, the general scheme of nuclear reaction is 

A + B -» C P + O 

The projectile B strikes the nucleus A and combines with it to form 
the compound nucleus C. The latter then splits into an outgoing 
particle O and a residual product nucleus P. 


Nuclear reactions may be classified into two main types accord¬ 
ing to the character of the outgoing particle O. It may be either a 
light quantum (emission of y-rays) or a material particle. The first 

case is a simple or radiative “capture” process, while the second a 
“particle” disintegration. Both theory and practice show that the 
former process is ordinarily less probable than the latter. 


In any nuclear process, the residual nucleus P may be left in 

the ground state or in an excited state. To each of these excited 

states there corresponds a “group” of outgoing particles with a ce *j 
tain definite energy. The group of the highest kinetic energy wil 
correspond to the nucleus P being left in the ground state, while.the 
other groups of decreasing kinetic energy to excited states of increas¬ 
ing excitation energy. This will be true for simple capture as well 
for particle disintegration. In the case of simple capture, the hv o 
the y-rays replaces the kinetic energy of the ejected particle. y 
measuring the kinetic energies of the various groups of the emi 
particles or the spectrum of the y-r&ys in the simple capture process, 
the excited energy levels of the product nucleus can be deduced. 


The residual nucleus P left in an excited state may krea_ P 
further, provided the state is above its dissociation energy, 11 » 

material particles according to the scheme *P P + S, where ' „ 

asterisk denotes an excited state, D is the second residual _ 
and S the second emitted particle. Experimentally, such a p 
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will appear as a three-partide disintegration according to the scheme 

A + B->-C->.*P+0->-D + S-fO 

very e r P roblble breaking U? ^ th ” 6 particIeS ia a sin g le P«»«>m is 

^ particular case of a three-particle disintegration is that in 

kind Ls'th ° r b °? ° f 6 e T itted P ftrtides S and O are of the same 
kind as the incident particle B, so that we have in effect the reaction 

A ^ ® ^ D + B -f OorD-pS + BorD + B-fB 

*>*****>*.. occur in 

its d , residual nucleus P is left in an excited state ' which is below 
returns to . tow ^ aer W> lfc will emit one or more y-rays, until it finally 
muTnot K g T nd J State - These y-rays from theresidual nucleus 
The latter b COnfused 7 ifch the Y-rays emitted in the capture process 

Z£?J? Sr main nUClear P— itself while 0 the 

have a disop^o * . while the y-rays from the residual nucleus 

nucleus. * SpeCtmm de P e nding only on the levels of the residual 

etc., have beeiTenritted* 1 * S p ?. rmed ’ aPt er all particles, y-rays, 

in some cases it mo 1 ’ ^ rft dioactive, usually ^-active, though 

artificial radioactivity T? « b ° “ actl J e ' , , This is what is known as 
in the nuclear reaction 2 prefera , ble not to includa this (3-decav 

isofan entlrelv Hwi a i’ because the time required for S-decav 

lear reactions y E^Tth ^ ° f ma f nitude the time of nuc- 

about 10 13 S ec whn *2? sl “ w ® st nuclear reactions are completed in 
leus is 1/50 sec ' with 6 6 t or t e st lifetime for a (^-radioactive nuc- 

seconds to a few years Th'.^ lmi llfet 'mes ranging from a new 

duration ofanucw!' ^ h ' 8 13 ’ or moro - tim es longer than the - 

final nucleus in the L d ° T' T 1C chlef use of this 3-activity of the 
lenient means of Xf ? y ° fnUC ear reactions is to P^vide a con- 
the capture processes S V ^ nUclei ' In fact > most of 

activity y f the preduct nuclei 6 dl8Covered through the radio- 

% * 

reactions^rT^tendenot^? 56 ^*”^ nv t clear disintegrations. Nuclear 
the first of which represents th parer f tbe .® es enclosing two symbols. 

Particle or rav w ® pr ® senta tbe projectile, the second the emitted 
deuteron neutron’ P ’ U ’ Y are . used to denote a-particle, proton 
kar reactions usina th^ res P®°ti ve iy- The best known types of nuc¬ 
lei oW . I 8 symbolism, may be grouped as follows 

’ n ‘ (P ’ a) ’ (P ’ d) ’ n >> (P> Y)> (d, a), (d, p), (d, n), (d, 2 »), 

(”. «), (n, p), (n, 2n), (n, y), (y, n ), (y, p) ? 
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(P> Y) &nd ( n * Y) represent simple “capture” processes, while the 
others are “particle” disintegrations. 2» denotes the simultaneous 
emission of 2 neutrons in a given “ non-capture ” disintegration, (y, n ) 
is known as photodisintegration. Reactions (a, A ), (a, 2n), (a, y)j 
(p, 2n), (n, d) t (y, d) and (y, 2 n) have not been observed. Just a few 
(Y> P) reactions, perhaps observed, are not well established. 

In certain cases , all these different types of reactions result in the 
production of unstable residual nuclei which can be readily detected by 
their radioactivity and identified by chemical processes. 

(3) Complexity of nuclear reactions. The diversity of 
transmutations of one and the same element subjected to the same 
bombarding agent and consequently the multiple reactions obtained 
with different projectiles render the interpretation of data delicate 
and difficult. Thus, for example, A1 may be transmuted in the 


following different ways : — 

. (a) Al bombarded by cuparticles of Po exhibits a transmutation 
with production of protons ; here the Al nucleus is supposed to cap¬ 
ture the incident a-particle, the unstable intermediate compound 
nucleus formed expels a fast proton and the final stable product nuc¬ 


leus is silicon : 


(a, p) i 3 A1 27 + 2 He 4 u Si*° + iH 1 
With the same arrangement, Joliot and Curie discovered a 
different transmutation where the a-particle is captured, but t e 
compound nucleus emits a neutron and the product nucleus is uns - 
ble radioactive radiophosphorous which, in its turn, disintegrates wi 
the emission of positive electrons and the final stable nucleus 
silicon : 


(a, ») isAl 27 + 2 He* * 15 P 30 + 0 ft 

* pso l4 Si 30 + e+ (T = 2*5 mins., 3*6 mins.) 

A radioelement is marked ordinarily with an asterisk before the 
symbol. 

(6) With protons as transmuting agent , Al transforms itself into 
.stable Mg with the emission of a particle : 

(p, a) 13 A1 27 ' + iH 1 -> 12 Mg 2 < + 2 He* 

(c) With deuterons as projectiles, a similar reaction talses pla^ 

with the emission of ct-particle and formation of stable Mg, a e 
it is another isotope : 


(d, a) 1S A1« + ,D* i,Mg 2S + 2 He« 

But deuteron produces also another reaction where radioactive _ 

nium is formed with the emission of a proton. The "T nuc ] euB , 

tegrates emitting electrons and forming Si 28 as the final sta 

(<£, p) is^i 27 + iD* > *i S Al 28 + iH 

* lt Alf 8 wSi* 8 + e~ (T = 2 mins. 33 secs.). 

td) With neutrons as transmuting agent, Al gives either . 
active Na with the emission of cL-particle or radioactive Mg 
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emission of proton. Be i i the radioelBincnts formed emit 8-rave and 

e foal stable product is Mg in the first case, while it is A] in the 
second, the same as at the beginning ; 

(”> *) 13 AI 27 + 0 w l -> * n Na 24 + 2 He 4 


(«» P ) 


^jjNa* 4 

ls Al 27 + 0 »i 

*i 2 Mg 27 


~h e 1 Y (T = 16 hrs.) 

-> *i 2 Mg 27 + H 1 

Such multiple alternative reactions are frequently metfwitWncfoL 
must be careful in interpreting experimental daL The conc^ 
evidence of different methods and the use of eauations of ,l g 

tzi :™:!* In sprUoi ' 

• quite 

may emit a r-rav a nil ? , Thu3 com P ou nd nucleus 

available, any combination of the pTrtides^ It mS^bf * 8 

just as different new elements can be produced from a ? not ? i that 

bo also one and the same element can be obtSnTd ££" $T* nt ’ 
elements by suitable ehmVft^f^ OD1 ' aine 2 i *rom different 

duoed i„ tl„ ■ W- a- «n b. pro- 

w »»«rfe“h. <> “p 0 r' s S“rt'!^" ! '- r N ” CkM disinte «ratioii8 
““ are based on the nnieer.nl llw of conZviuoo ”f et,on e 1“*' 

•ae4,“^i “Elithe 8 ^”“ 0 f 0f ,r,Z; j “7 di ^ “ 

Mh and charges are conservednZaSeZVaS”' 

a,~ t ~ ™ 

1 (^1 ~h E a ) s= (M2 4 - E-) 4 - (M -LT? \ 

and er k£^ th6 maSS ° f the nucleue bombarded^*M and E th ’ (1) 

and E 3 similar quantities of the t wo products o^t ^ and Ez and M « 
* he outgoing particle and the nrodeei ,n ,1 trans mutati°n, viz. 
have not included the inf^rrv» a- / )roducfc nucleus respectively. W e 

"JIM in the p^‘: "eSra“on 0 T“"f T”"^ “ jt “ ”»• 

«des of the above equation can be sl\ Lr! , be . noted that the two 

. Mrei xZZ m r£r k ‘ tb ‘ r ‘ ,l,tMty K! eiti “ r 

important factor, *known ? a". the 6 0° n , uclear reaction equation, an 

, Known as the nuclear reaction energy or the ' 
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disintegration energy , usually denoted by the symbol Q, is involved. 
It represents the energy liberated or absorbed during the nuclear 
reaction and hence gives the energy balance in the reaction. It is 
equal to the difference between the sum of the masses of the particles 
that enter into the reaction and the sum of the masses of the parti¬ 
cles that result from the reaction. From equation (1) ♦ 

Q = (M 0 + Mj) — (M 2 -j- M 3 ) — E 2 + E3 — Ei • ( 2 ) 

The value of Q, may, therefore, be found in either of two alter¬ 
native ways : (a) If the massos of all the particles that are in¬ 
volved in the reaction are known, i.e. t M 0 , M 1? M 2 and M 3 , the 
value of Q is at once calculated by subtracting the sum of the masses 
of the final particles from the sum of the masses of the initial par¬ 
ticles and then converting the difference into energy units by Eins¬ 
tein’s mass-energy relation, (b) If the three kinetic energies Ej, E 2 
and E3 are measured, the value of Q can be calculated from the 
second part of equation (2), The kinetic energy (Ej of the projec¬ 
tile is readily known in most cases. For a-particles and y-rays from 
natural radioactive substances, E x is the energy of the groups used 
as projectiles; for artificially accelerated protons, deuterons and 
helium nuclei, E t is given by the accelerating potential. In the case 
of neutrons, if fast, the energy can be known from collision experi¬ 
ments ; if slow , it is a negligibly small quantity ; the kinetic energy 
E 2 of the emitted particle, which is always a proton or an a-particlo 
or a neutron, is the quantity experimentally measured by the detect¬ 
ing devices ; the kinetic energy E s of the residual nucleus can be 
calculated by a simple application of the law of conservation of mo¬ 
mentum to experimental data. 


The nuclear reaction equation can be written as 

M 0 4- M, -> M 2 + M 3 + Q - (3) 

Q may he positive or negative. In the first ca. c e the sum of the masses 
of the final particles will be less than that of the initial partic es 
and energy will be evolved in the reaction. In the second case ' _ 
sum of the masses of the final particles will exceed that of the uh 1 
particles and energy will be absorbed in the reaction, being o in 
from the kinetic energies of the particles.- Accordingly, nuc l®^ r , 
tions can be classified as exothermic or exoergic (when Qis positive ^ 
energy is released) and endothermic or endoergic (when Q is n ga 
and energy is absorbed). 

Reactions equivalent to the simple addition of a ^ eu ^ eron, yP r ^ s 

ton or neutron to a nucleus, such as (d, n), {d, p), (i>, Yb ^ns of 
well as (d, a) reactions, are nearly always exoergic while reac 1 , 

the type (p, n)] (w, j») are usually endoergic To pr °^ UCe sB an kiD etic 
ergic reaction in a stable nucleus, the projectile must poss j: sa1 > 

energy at least equal to Q, since energy equal formS) 

pears in the reaction and the final energy, in all its din 

rest, kinetic and radiant, cannot be negative. - 

These considerations bring out the great utility and ^"P 0 ***’ 
the equations of transmutation. They enable us not on y 
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wS°i l^S ral n' lS repr ? Se , nfc6d hy them - but also to Pfedictotter 
re . achons - 0ne can deduco fr <>m these equations whether a 

a great asiTtoTh* 1011 W *- 1 be endothermic or exothermic, which is 
tions Further heX investigator of artificial transmuta- 

masses sinceTn 3 ff ? mnS °f accurate determination of atomic. 

ation, if three of The ?our mas's Z^Z^T*** * * SaitAhl %^ 

reaction energy is sufficient to deduce'the m’ass ^XTurth °Lom 
Vl Z Eii2 e5 ’’ kithert ° unkn °™> oan be discovered by means of Them. 

if the reaction enSgy”is 9 mea^rnl TnT ex P erimentall y? eri fie*■ For, 

mawpa nffu ^ - 18 measured in a nuclear reaction and t 

data, the equ atffi “represetm" " thTn!?1 d fr ° m s P ectro g l ’ a P h 

Hshes the veracity ofEinsS law r6aCt, ° n r6adily 6Stab ‘ 

may *7£tZLtT: C ,? n T te C , aSCS of nuclear disintegrations 

be obtained with the hcl,° the ^portant results that could 

,. lth the hel P of fche equations of transmutation : 

case ofirtTcZZtZmTfT * «? articles - ^ is the first observed 
rare isotope of^ox ToerTw T' Wh ? re P r ? tons arc ejected and the 

measurements of th» f- . f he reaction energy Q obtained from 
woctss is — 1-26 Mev'" 6 1C energles tbe particles involved in the 

data one . meets> at fche ver .y 

tation with elements of ti '* ' cornnil, n to experiments on transmu- 
know which of the?,o/n ° r n ^ or c isotopes, viz., one does not 
soraet^Js weleomrjoX'ir " ar ® being . disintegrated. This is, 
tion to whichever isotone hno V^ 0 CaP ascrlbe the transmuta- 

“•particles bombard ordfnnr^ 0 ™'? tbe ° bf:erved phenomenon when 
tion is written as n y nitrogen gas, the equation of transmuta- 

Attached to the el ^ 4 ,~ b 2 ^ c ' 4 - _> s^ 17 + 1 H 1 + Q 

^ rs ^^i i ^ j'z 1 1 i * : t its mass number 

equation is balanced as re^'° r\' nb f r as sub script. It is seen that the 
mic numbers o'; s b ° h the mass n,l ™bers and the ato- 

The atomic masses of II the ‘ V ^®i 0Me J B - v * ba,ance j ’i the reaction, 
accurately known "to i| M o r,/ ia, i' IC ! es hgunng in the equation are 
analysis, viz., ftn _ ,' 4 . nf|7 b d ® cimal P Jaoe from mass spectrum 

H ‘ = 1 00813 8ubsU?,.t? /. G = , 4 00:<S7 ’ °” = 1 7 00450 and 

U no- 7 -o ttg these values in the equation, 

14 007o3 + 4 00386 = 17 00450 + 1-00813 + Q 

Q = 1S-01139 — 18-01263 
59 = — 0*00124 (tn.u.) 
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Converting mass into energy using Einstein’s mass energy relation, 
according to which 1 m.u. = 931 MeV (Cf. p. 552), the calculated 
value of Q = —0-00124 x 931 = —1*16 MeV. This agrees very 
well with the value obtained from the. experimental measurement of 
the kinetic energies of the particles involved.. The slight discrepancy 
is probably due vb the poor geometry of the experiment, necessitated 
by the low intensities. 

It is readily seen that Einstein’s law of mass-energy equivalence 
has a quantitative verification here, since the agreement between the 
value of Q calculated from the equation of transmutation and that 
experimentally observed is possible only on the supposition of the 
validity of the law. There is also sufficient evidence to admit that 
the transmutation actually takes place in the manner represented by 
the equation. 

(it) Lithium bombarded by protons. This was the first suc¬ 
cessful disintegration performed by Cockcroft and Walton (1932) us¬ 
ing protons artificially accelerated with their high tension multiplier 
to energies ranging from 100 to 700 KeV. Bombarding a lithium tar¬ 
get with these fast protons, they observed the emission of a-particles 
which were detected first by the scintillation method and then with 
Geiger counters. Th^y were found to have a range of slightly over 
8 cms. in air. The yield of a-particles was found to decrease rapidly 
as the energy of the bombarding protons was reduced, but it coui 
still be traced lor energies as low as 20 KeV. 

The experiment was repeated in 1934, by Dee and Walton 
using protons of energy less than 200 KeV and a Wilson s clou 



3 Li 7 4- jH l -> 2 ; He J (Dee and Walton) 

chamber for detecting a-particles. They found that pairs of 
cles shot out in almost opposite directions, as seen from one o 
photos reproduced here. Two pairs of a-tracks of equal eng 
indicated by the arrows ; the tracks are not quite opposite d . . 

forward momentum given to the pair of a-particles by the u up g g 
protons. Each a-particlc has a range of 8 3 cms. correspon ^ g ^ 
energy of about 8*6 MeV. Thus the products of d is in eg , ^ovok- 
a total energy of over 16 MeV, while the bombarding pr P 




NUCLEAR REACTION EQUATIONS 


931 


mg the disintegration has only an energy of about 0 2 MeV which 

«/ <&• t»»barcle,l Li rtS 

upplies all that grea- excess o energy to the cc-particles The 

reaction energy Q, as determined from the momentum-energy consi- 
deration, is found to be 17-28 MeV. 

In the interpretation of these experimental data by the use of 

“^K n e ^ uatl ? ns - we a S ain meet with the initial difficulty as 
T , ^ch of the two isotopes of Li of masses 6 and 7 is implicated 
The relative abundances are 7-9% for Li 8 and 92-1% for Li 7 . P 

Writing the equation of reaction as 

( P> *) a U 7 + 2 2 He 4 -f Q 

and substituting the values of the. masses of the different nuclei from 
the mass spectrograph data irom 

7-01816 + 1-00813 = 2 x 4-00386 + Q 
Q = 8-02629 — 8-00772 


= + 0-01857 <ra.u.) 

= + 0-01857 x 931 = 17-29 MeV. 

This agrees very well with the experimentally measured value of O 

so that one might legitimately 'conclude that the reaction actually’ 

takes place in the fashion expressed by the equation and that Eins- 
tern s law is valid. ' 






But, this is not the only way in which lithium is transmutec 

?y protons, for there are indications to believe that the less abundanr 
isotope Li 6 is also disintegrated in the 

same proton bombardment, since Cock¬ 
croft and Walton observed also the 
presence of other short range a-particles. 

These were investigated in detail by 
Oliphant, Kinsey and Rutherford (1933) 
who showed that they formed two 
groups of 1*2 crus, and 0*8 cm. respec¬ 
tively. They suggested that these 
a-particles are due. to the transrnuta- 
tl,,n °£Li # according to tlie equation * 

3 Li6 4- ^ 4- 2 He 3 -+ Q. 

w rare but stable isotope of 
number 3 was discovered, 
measured value of Q 
and the known masses of 
an d He 4 , the mass of the new 

■ t( ^P e ca n be calculated and it turns 
°ut to be 3*01699. 


(17 MvT™ raya 0f very hi 8 h energy 1,rof - ° liphunt 

of hS b\ V ^ a i b r n mu bSer r ed \ S the result of the bombardment 

^re S“ess ^ been interpreted as a simple cap- 

process, represented by the equation 1 v 1 


(P, Y) s Li 7 + ,Hi ^ 4 Be 8 + Av 
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The nucleus of Li 7 captures a proton and thee compound nucleus is 
formed in an excited state. This nucleus returns to its normal state 
with the emission of a Y _ra y photon of high energy. 

With fast protons of energy about 2 MeV, indticed radioactivity 
(T = 43 days) can be observed, the product nucleus being a radio¬ 
active isotope of Be according to the equation 

{p> n) 3 Li 7 + jH 1 * 4 Be 7 + 0 r i 1 + Q 

Thus we are made to realise the complexity of reactions arising 
even with a single target and a single projectile. Oliphant and Shire 
and Crowther, in 1934, by bombarding the pure isotopes of Li (sepa¬ 
rated by means of a mass spectrograph) with protons, were able to 
show which reactions were due to Li 6 and which to Li 7 . 

(tit) Deuterium bombarded by deuterons is another case of trans¬ 
mutation which is of great interest and importance. Oliphant, Har- 
teck and Rutherford were the first (1934) to study this disintegration. 
Deuterium targets were made either by freezing heavy water on » 
surface cooled by liquid air or out of some other solid compound con¬ 
taining heavy hydrogen. Two different nuclear reactions have been 
observed to occur with approximately equal probability and are de¬ 
tectable even wit.h deuterons of enerev as low as 100 XeV. 


J > 2 X B* + jH 1 + Q 

id of a cloud chamber, which enabled 
isotopes of hydrogen of mass numbers 

1 and 3. A photo* 
nMMggnME graph of this reaction 

^ longer tracks $re of 
^ | ordinary protons H 

D* and H 1 and the 
r>ce) value of Q, the mass 

found to be 3 01700. This * at P^- 

of determining the mass of H 
r than deuterium called •‘tritium > 

ot found as one of 7 the constituents ot 
_ lntar dlrtWTl bV O NC&I C 
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Goldbaber (1940) that H 3 is radioactive and disintegrates as follows : 

!*i -> 2 He 3 + e -, ejecting electrons with a half period T = (31 ± 8) 
years, and maximum energy of electrons of'only 15 KeV. This 
explains its absence in the ordinary hydrogen. 

The second reaction is 


(d, n) ,D* + ,D* + 


[He* + o» l + Q 


■ f u IX/ 

The energy of the neutrons produced in this reaction has been in- 

.« ?. , y observing the recoil tracks of protons projected by 

*r/7 h,Ch ., ar6 80metimes found in cloud chamber photographs 
<l-.n rum the two groups of particles due to the first reaction. From 

such photographs Dee has shown that the neutrons con- 

pnpmtT % homogeneous group. Recent measurements show that the 

deuteronB? e 9 t Qe I1 M e ^ ltfcet ! at 90 ° to fche direct i°n of the incident 
0 has hp» 13 f tbe deuter on energy. The value of 

bted o eS ° f D2 T d ^ S > the mass of the neutron can be calcu® 

can be deter- 

chief!v provides a very convenient source of neutrons, 

y 11 fast neutrons of definite energy are required. 

Urn Sm “P™"* 8 ° f 

to obtain a x d ° U ^’ l n 1^33, by Prof. Lawrence who was able 

MeV^ner^ £r? r ° n ,? W j th his cyclotron ' Usin ^ deuterons of 1-33 

shot out ijfLnr™-f 01 ^? d that pairs of a ’P a rticles of equal range were 

12 7cts onT s lrectl0n8 ' The rang0 of each “-Particle was 

measured for a nr nd ? g t0 & re . action ener g y of 221 MeV, the largest 

results bv the Z f actl0n ' Dee and Walton confirmed these 

suits oy the cloud chamber method. 

Writing the equation for this reaction as 


(d, a) 


* 2 2 He 4 -(- Q 


sLi* + .D* — . _ _ _ P ^ 

mass spec Wr^nh Tu*™ ,° f differenfc nuc lei involved from 

in excXnr a g i ^-i® ? lue ° f Q Was found to be 221'7 MeV 

Q reement with the experimental value. 

Another transmutation in the same reaction is 


(<*. P) 3 Ia 8 + ,D 2 


3^ 7 + jH 1 + Q 


WhirK * 3 “ l AA -r Vi 

*k. 4 8 “ t eV t° r Q - , Th6 “ “ for Uu. in 

in the previous reacting 6 "/ rect ^ ons due to the two a-particles formed 
Probably due to a nrnt ’ r ° a tbln trac k in the foreground, most 

for by the present ° f r ^! ge 30 5 cms ‘ which can be accounted 

enough to pass from th 1 '?"' ran ge of the recoil Li 7 is not great 

8 pass trom ^e target into the chamber. 

deuterons^ transmutation in the case of Li bombarded by 

Rutherford usimr «. „ e ea 7 ier isotope Li 7 . Oliphant, Kinsey and 

Proton impuritvl fira/ 6 C J 6utero , n beam (magnetically separated from 
mpunty), first observed (1933) a continuous distribution of 
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a-particles with ranges up to 6 MeV. The reaction most probably is 

(d, a) (d t n ) 3 Li 7 4- jD 2 -y 2 2 He 4 + 0 n x -f- Q n 

Here we have a case of emission of three particles simultaneously. 
Froin studies of experimental data, it seems possible to classify the 
reaction as both (d y a) and ( d, n ) types. The available energy being 
distributed at random be tween the two a-particles and the neutron, 
the largest energy for an a-particle will be obtained, if this particle is 
emitted in a direction opposite to that of the other a-particle and the 
neutron, the latter escaping in directions parallel to one another, 
according to the principle of conservation of momentum. In such a 
case the first a-particle takes nearly 5/9 of the total energy. Assum¬ 
ing that the observed upper limit for the energy of the a-particles can 
be explained in this way, the value of Q is 14*9 MeV approximately, 
in satisfactory agreement with the value of 15*04 MeV calculated from 
the masses of the nuclei taking part in the reaction. 

According to Lauritsen and his co-workers, Li 7 can also be 
transmuted in the following way 

3Li 7 4" l-D 2 ~—> ^gLi 8 + jH^ 4* Q 

The isotope of Li 8 appears to be radioactive and disintegrates 
:nto Be 8 with the emission of an electron. 


These illustrations show sufficiently clearly the importance of 
the study of transmutations with the aid of nuclear reaction equa¬ 
tions which, on the one hand, testify to the validity of Einsteins 
mass-energy relation and, on the other, enable one to pick out reac¬ 
tions which actually occur among the many complicated and possible 
ones. Examples can be multiplied without restriction, thanks to the 
many experimental data already gathered in artificial disintegrations. 


(5) Nuclear cross-section (a). In the study of nuclear re¬ 
actions it is often instructive to evaluate a quantity known as t e 
cross-section , usually represented by the symbol a, which is a measure 
of the probability of the reaction under consideration. It is intima e " 
ly related to another quantity known as the yield which is define as 
the ratio of the number of emitted particles to the number ot me 


dent particles in a reaction. 

The cross-section for any nuclear process, in general, may be 
visualised in a simple manner as follows : — 

Let I be the number of incident particles which penetrate 
pletely a thin target of thickness t containing N particles (nuc fjl P, 
sq. cm., and m be the resulting interactions of the type consi 
Let a be the effective cross-section. 


The average volume per nucleus in the target == (1 x V m 0 f 
Since each incident particle will sweep out a cylmdrica G g ec . 

area a and length equal to its depth of penetration, i.e. t , 
tive volume swept out by the I incident particles in 
target = lot. Hence the number of collisions 

m = lot I (</N) = INcr and <x = cm -* 
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The quantity a is not inherently determined by the dimensions of the 
bodies and for two given >ai tides it may have different values de- 
pending on the particular process considered. In the various nuclear 
reactions it has values ranging from 10' 20 to lO' 32 cm. 2 . It is com¬ 
monly expressed in terms of a unit called the “ barn ” which is 10' 24 

©m. - . It is usual to speak of clastic collision, inelastic collision, 
^pptiQF#and fission cross-sections. 

The cross-sections for different nuclear processes have been 
^ ou ^ ^3 different authors on the basis of wave-mechanical 
theory It has been shown that in the case of nuclear reactions invoU 

cross-section, in general , increases with in¬ 
creasing energy of the incident particles. But there are many instances 
m which the cross-section becomes very great for particular and even 
low values of the energy within narrow limits, which can be explained 
only on the principle of resonance penetration through virtual levels of 
the disintegrated nucleus. When the energy of the incident particle 
exceeds that corresponding to the potential barrier of the bombarded 

nucleus, the cross-section no longer increases with increasing enenrv 
of the incident particle. h ~ 

If the incident particle is a neutron, the cross-section is com para- 
lve 3 greater than that in the case ol a charged particle, evidently 
f ue to ack of a potential barrier for the uncharged neutron. Thus, 

•11 „ the p ross " se ction for proton lies roughly between 10~ 2S > 

** cm * 2 » while that for neutron is between I0~ 26 and 10 -24 cm. 2 , 
tir! ° T \-neutrons have the special property of very large cross-sec- 

when their energy is very low, of the order of an electron volt, 

do h 10 * >rocess inv °I v ^d is a simple radiative capture. This is evi- 
, ^. a resonance effect due to the existence of low energy neutron 
evels inside the bombarded nucleus. 

- , T }te cross-section depends also upon the atomic numbers of the bom- 

inT bombarding nuclei, decreasing as the atomic number 

h * Se f- rllis ex plains the increasing difficulty of transmutations of 
trup e ereen ^ s b y protons, deuterons and a-particles. The same is 
sion 6V f n l n the cas ® °. f neutr °ns when the reaction leads to the ernis- 
inpirl °i c b ar 8 e< * particles as protons or a-particles, for although the 
with i neu * ron Penetrates without difficulty into the nucleus, vet 
tial , nc r easin g atomic number of the nucleus bombarded, the pot'en- 

hivhi.i-^ 1 ^! the charged particles from escaping becomes 

n higher and its transparency rapidly decreases. 

certain prominent types of nuclear reactions 

tions I. Substitutional reactions, referring to particle disintegra- 

bardof] 1 t , Se ln which one of th e component particles of thte bom- 

Particle * e ^u ma . y be considered to be substituted bv the incident 
the nncL.. 80 - . at t le constituent particle thus replaced is ejected and 

observed wifK M an ^ lted • , Many reactions of this type have been 
d euterons and neutrons™ 11 ^' nds ° f P ro i ect,des > a-particles, protons, 
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v f r V jmportant feature in substitutional reactions is the evidence 
^ey jurnts for the existence of quantum states of excitation in nuclei by 
^®; e , adlly observable “groups” of outgoing particles. The incident 
p c e, on entering the nucleus can be captured, not on the ground 
level, but on a level corresponding to an excited state of the nucleus. 

n SU< i emitted particle willha^e an energy less than 

norma y the amount of excitation and, if several excited states 
exis j one may observe several groups of emitted particles in com- 
p e^e analogy with the phenomenon of “fine structure” of a-particles 
met with in radioactive substances. ( Cf. p. 848). 

expected also that transformations which are char&c* 
erise by several groups of emitted particles will be accompanied by 
i-ra lations corresponding to the transition of the product nucleus to 
n normal state after the reaction. The energies of the y-t&yB 
s ould be equal to the differences in the energies of the various 
groups. It is generally assumed that the group of highest energy cor- 
responds to the product nucleus left in the ground state ; the others 
of lower energies correspond to higher excited states. The differences 
etween the highest energy group and the others thus give directly 
the energies of the excited levels of the product nucleus. The value of 
the reaction energy Q usually given in connection with the reaction 
equations corresponds to the highest energy in the groups of the 

emitted particles. These considerations may now be illustrated by a 
few examples. 


(i) Al bombarded with a.-particles. This is one of the early re¬ 
actions which has been carefully studied by Pose, Chadwick and 
Constable and others. The reaction equation is 

13 A1 27 + 2 He*-► 14 Si 30 + 1 R 1 + Q 

tt is therefore a (a, p) reaction, in which protons are emitted and the 
product nucleus is silicon. The range and number of the emitted 

protons were observ¬ 
ed for particular en- 
ergies of the incident 
a-particles. When 
these data were 
plotted, the distribu¬ 
tion-in-range curve 
of the protons presen¬ 
ted the form shown 

in Fig. 290. It 

seen that the protons 
produced for a given 


Fig. 290. Distribution-in-range curve of 
protons from (Al -f- a). 


energy ol tne inci¬ 
dent a-particles form 
two homogeneous 


groups (repress-— 
by the flat parts), 
one of about 28 cms* 
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range and the other of about 58 cms. range. )ther homogeneous 
groups of protons were also observed, using a-particles of different 
energies, in all about 8 groups which require the intervention of re¬ 
sonance phenomenon for a complete interpretation as we shall see 
below. For the present, considering on’y the two groups o protons 
obtained for a particular energy of the incident a-particles, these 
groups indicate that the product nucleus silicon has been left in at 
least two excitat ion levels, the lower one corresponding to the ejec- 

l°uger range. The expected y-ra 3 7 s, as the excited 
product nucleus returns ->the normai state, have actually been ob¬ 
served in the reaction, although the data are not accurate and exten¬ 
sive enough for a quantitative verification. 

The proton groups emitted by boron, nitrogen, fluorine, sodium, 

magnesium, sulphur, etc., when bombarded by a-particles have been 

ana ysed in a similar manner. In the case of nitrogen, only one 

group of protons has been found, evidently due to the fact of a very 

ow reaction energy ( —1*3 MeV) which makes excitation energeti- 
ca 1 ly impossible. 

(u) Be bombarded by deuterons . Bonner and Brubaker (1936) 
ave studied the neutron groups emitted in the reaction : 


4 Be 9 + 1 D- 


■> 5 B1 ° + o nl 


Using 0 9 MeV deuterons, they determined the energies of the emitted 
neutrons from recoil proton tracks produced by them in a high-pres¬ 
sure cloud chamber containing methane. They limited themselves to 

ta° Se f^ r0 !i 0 ^ ^ rac ^ s w hich pointed almost straight away from the 

o« rg . in consec l ueGce > could be assumed as projected in the 

me direction as the incident neutrons. 

it Plotting the number of -racks against the measured energies of 
protons, they obtained a curve with four peaks as shown in 
Fig. 291. These peaks 
indicate that the pro¬ 
duct nucleus Bi° may 
he left in any one of 
four possible quan¬ 
tum states. For it is 
on account of this 
fact that the neutrons 
emitted in the bom¬ 
bardment of berylli- 
um by deuterons of 
a Siven energy and 
moving in a direction 
right angles to the 
oeuteron beam kave 
energies equal to one 

four sharply 

ahead an< * ^ ence the protons that are projected straight 

y a neutrons are limited to one of the four noasihla IrinAtin 


* 

o 

£ 

% 

I 
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ENERGY OF RECOIL PROTONS 


Fig. 291. Energy distribution of recoil protons 
due to neutrons from (Bo -f- D). 
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energies. Broad peaks instead of sharp lines are obtained due to the 
limitations of actual experimental conditions, such as the impact of 
the high-speed neutrons on the walls of the cloud chamber; lack of 
homogeneity in the incident deuteron beam, the slowing down of the 
deuterons in the target and the straggling of the proton tracks. The 
high energy edges of the peaks can, however, be taken as represent¬ 
ing fairly well the energies of the four groups of neutrons that would 
be emitted under ideal conditions. 


Prom the curve, the energies of these four groups are found to 
be 1*4, 2*6, 4'0 and 4-52 MeV, the last one corresponding to the low¬ 
est state of B 10 nucleus, while the others to higher excited states. 
Applying the laws of impact, the values of the reaction energy Q in 
the four cases are found to be 0-82, 2*14, 3-68 and 4-25 MeV. Sub¬ 
stituting the masses of the elements in the reaction equation, Q can 
be estimated and is found to be 4’319 MeV in good agreement with 
the value obtained for the group of the highest energy. 


The energy levels of B 10 can be readily found by subtracting 
from 4 25 the other three values of Q, viz., 0 82, 2-14 and 3*68. They 

are at 0*57, 2*11 and 3*43 



Fig. 292. Energy levels of B 1 ?. 


above the ground level, as shown 
in Fig. 292. Kruger and Green 
(1937) have been able to study 
the y-rays from the same reac¬ 
tion and confirm the existence of 
the four energy levels. From 
the distribution of the Compton 
electron tracks ejected b} 7 the 
Y-rays from a thin mica sheet in 
a cloud chamber, they inferred 
that six Y-ray lines occur with 
energies 0*51, 1*07, 1*44, 1*96, 
2*81 and 3*21 MeV. These Y* ra y s 


could be interpreted arising from different transitions between e 
four levels of the B 10 nucleus as indicated in the figure. The v 
calculated from the proton energies, shown in the figure, agree wi 
those estimated from Y-ray energies within the limits of experim© » 
error. 

Bonner, in 1940, bombarding fluorine with deuterons and produc 
ing transmutation according to the equation 

9 Fi9 + ,D 2 l0 Ne 20 + o^ 1 + Q 

found seven neutron groups. Another case in which the gr^P , s 
ture of neutrons has been carefully analysed by Bernaraim_ 
Bocciarelli (1937) is the reaction between Be and x-parttcles ac 
to the equations 

4 Be® + ,He 4 -► 6 C 12 + 0 n» and 4 Be» + ,He« -* 3 2 He 4 + o" 1 
There is complete evidence for four neutron groups in these reac 
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2. Radiative capture reactions. When an incident parti¬ 
cle penetrates into the nucleus it need not necessarily eject another 
nuclear particle (substitutional reaction) since it can be bound to the 
nucleus in a stable state, the excess of energy being got rid of b\ r the 
emission of a y-ray. Sucl a process is called a radiative capture. 

In general, t-hi^ Kn iple eapture reaction is less probable than 
particle disintegration, because the ‘‘radiation width’* of nuclear 
levels is usually smaller than the “particle width*’. This type of re- 
action can, therefore, take place only when particle disintegration 
probability becomes extremely small for some special reasons such 
as : (a) sufficient energy is not available to make up the masses of 
, . e P^ S8,bI y produced particles or (6 the potential barrier is too 
ign tor particles which, on energetic grounds, might be emitted, or 
ic) only enough energy is available for slow particles to be emitted so 

tn^ the particle width is very much reduced or (d) the emission of 

for ^ ldden b y selection rules. Conditions ( b ) and (c) are 
inued lor the simple capture of slow neutrons by heavy nuclei, 

. c e . le r height of the potential barrier in such cases prevents the 
Ko C c arged particles. Hence, the radiative capture process 

Vi O Q 0meS ^P or ^ an ^ hi the case of slow neutrons reacting on 

• J nuc ei. he first and last conditions, (a) and (d), are realised 

m a tew transmutations produced by bombarding light nuclei with 


?7 idence ^ or the radiative capture process cannot be had 

but nnhf 8 ? re no , faat Particles as products of disintegration, 

cess bv ^, indlrect1 ^» eithe r by detecting the y-rays emitted in the pro- 

8 ® condar y effecfcs > or by the product nucleus when it 

bv th»> * 6 as in the case of many transmutations caused 

uy tne capture of neutrons. 

cantuf *S ' MV t Capture ?/ P™tons. Postponing the study of radiative 
brfeflv thl neut T r ® ns , t0 the section on neutrons, we shall state here 
332 ^* e , SUltS $ Ull ™ d with the ^ ad i a tive capture of charged in- 

furnished k!! n i ex P er *j me ntal evidence of this process was 

barded hv I ckcroft (1934) who noticed that a carbon target bom- 

activitv K®; 11 m e ”j e P ro ^°ns becomes positron-active, the 

according + *55 evidentl y ^ ue to the formation of radioactive N ia 
«wording to the reaction 


(P> Y) 


6 C 12 + jH 1 --> * ? N 13 Av 

* 7 N js --y 6 C 13 + e + (T = 10 mins.) 

+ * 


f|^i * f j _ ^_^ v ... 

available 56 ^ ^ 6 ^ den ^y due to the fact that sufficient energy is not 
[condition (o)] 01 *^ 6 mas8es the possibly produced particles 


by Hafstjfd ^that have been discovered and studied extensively 
are : uve. Crane, Helsasso, L*auritsen, Fowler and others 


(P> Y) 


3 LP + JdH 

+ x m 


^ * 4 Be 8 + Av 
♦ioNo 20 + Av 
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These reactions have been detected and analysed either by the emitt¬ 
ed y-rays or by the radioactivity of the product nucleus or by both* 

In the first case of the y -rays from the capture of protons by Li, 
experiments conducted by Delsasso and his associates, in 1937, have 
shown that there is only one strong y-ray line at 17*1 MeV and pro¬ 
bably one or more weak ones between 10 and 17 MeV. The first line 
corresponds to the transition to the ground state of Be 8 . The re¬ 
action energy Q calculated from the masses of the nuclei involved 
and the energy of the incident protons (440 KeV) is 17*4 MeV, in 
good agreement with the observed 17*1 MeV. A line at 14 MeV may 
be expected from a transition to the excited state of Be 8 of 2*8 MeV 
excitation energy known from other nuclear reactions. 

The second case of y -rays from the capture of protons by fluorine 
is interesting since it gives a good example of the working of selec¬ 
tion rules [condition (i)]. There seems to be a single y-ray line 
having an energy of 6 MeV about. The reaction energy Q deduced 
from nuclear masses and the energy of incident protons (0*33 MeV) is 
13*23 MeV. It appears, therefore, that the transition to the ground 
state is forbidden, evidently by selection rules. 

3. Resonance disintegrations. It was early realised that 
in the (a, p) reactions certain groups of the emitted protons have a 
definite energy which does not vary with the incident a^particle 
energy. Furthermore, these groups are observed only for a definite 
energy of the a-particles. These facts indicate the existence of th© 
phenomenon of resonance , first suggested by Gurney on wave-mechani¬ 
cal principle and experimentally observed in the bombardment of A 
with a-particles by Pose. It has been subsequently found by many 
other observers that the resonance disintegration is a pretty common 
occurrence, not only in the case of bombardment of light elements y 
a-particles, but also in proton and neutron produced processes.^ 

The principle underlying this resonance process is as follows * 
If the energy of the incident particle is such that the total energy ° 
the system is close to one of the virtual levels of the compoun 
nucleus, the probability of the formation of the compound nuc eus 
and hence of the nuclear process will obviously be much greater t a 
if the energy of the particle falls in the region between the 
Therefore, one may expect to find characteristic fluctuations o 
y ield of a nuclear process with the energy, from high values a 
resonance energies to low values between resonance levels.. _ 

These resonance phenomena are most pronounced with s ow 

neutrons, but have also been observed in the radiative e 

protons and in transmutation caused by a-particles, where they _ 
first discovered. The possibility of producing excited residual nu ^ Qre 
is also present in resonance disintegration and results in __ 

groups of emitted particles of constant range (in particle disin gT» 

tion) or of discrete y-ray spectra (in capture P. ro< ^ 8S ) 0C< Lj r i e 
simultaneously for a given resonance energy of the incident pa 

. The study of these resonance phenomena is of great importance 
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in nuclear physics. k irst of all, the spacing between the neighbouring 
levels of the compound nucleus may be deduced from the resonances. 
Experimental data indicate that this spacing is of the order of 10 
volts for heavy nuclei of atomic weight 100 or more and excitation 
energies of the order of 8 MeV^s obtained from slow neutron reac¬ 
tions. For light nuclei and excitation energies about 12—15 MeV, 
spacing of a few hundred thousands volts seems to prevail, as derived 
from proton capture, y-ray spectra and resonance in a-particle disin¬ 
tegrations. The determination of the spacing as a function of the 
mass number and of the excitation energy enables theoretical ideas 
about nuclear structure to be checked. 

Secondly, the width of the resonance levels is of great interest. 
Just as in the theory of atoms the width of an excited level is 
given by the probability of its emitting radiation, so also the width 
of a compound nucleus is given by the total probability of the emis¬ 
sion oji the particles, y-rays, etc. Thus the width of the levels enables 
one to determine the probability of the concentration of energy on 
any one of the particles in the compound nucleus. 

The width of the resonance levels may be obtained in various 
.. ^ resonances of comparatively large 

" "I'li, the simplest procedure is to measure the total yield of the 
reaction from a thin target as a function of the incident particle 
energy. (2) With a thick target, the intensity of a given group of 
emitted particles is studied as a function of the energy of the incident 
particle. From the incident particle energy at which the group first 
appears and t hat at which it attains its full intensity, the width of 
the level may l.e deduced. (3) The inhomogeneity in energy of the 
emitted partic es of a given group will also give the width of the 

level. In general, the width tends to decrease with the increasing 
mass of the nucleus. _ ' b 

In the case of light nuclei, as the spacing of the resonance levels 

18 -Tut’ resonances will,- in general, be observable only if particles of 
suitable energy are available and if the width of the resonance levels 
8 small compared to the spacing. For very high excitation energy, 

ran‘ 1 f| t ' 0 tlle to t * le spacing can be shown to increase 

pwiy. Therefore, it is improbable, that the resonance phenomena will 

inf observed with deuterons as the incident particle, since the high 

ernal energy of the deuterons makes the energy of anv compound 
nucleus also very high. * 

narr In the ° aSe ° f heavy nuclei > since the spacing is extremely 
*'“°-™l.bl° source c^n give fast charged particles homo- 

“ 8 , feno ugh to observe such closely packed levels. Hence one 
Particles° Pe <0 ohserve resonance levels in heavy nuclei with charged 

of re«^i ne ° f - h t methods of experimentally studying jthe phenomena 
obtfti ^?? Ce . "leans tha excitation function curves which are 

lv i plotting the yield of the reaction against the continuous- 

showQ 16 ^ 6nergy incident particle. Such a curve frequently 

° Wa 8har P maxima, indicating resonance. 
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To illustrate the main features of resonance disintegration, we 
shall now consider some experimentally observed and carefully 
studied reactions. 

(i) Al bombarded by a-particles . This reaction, which has already 
been cited in connection with the groups of emitted protons, is also 

the one that gave the 
first experimental evi¬ 
dence for resonance 
phenomena. Pose, in his 
experiment on the 
transmutations of Al 
with a-particles from Po 
(1929), ugfed thick lay¬ 
ers of Al (~ 0*04 mm.) 
so that the incident 
a-particles were gradu¬ 
ally reduced in energy 
15 20 25 30 35 40 45 55 60 65 and finally stopped in 

Ranvje of VnofonA (anti) the target itself. In such 

a g&se, one should ex- 
ono „ . , . e pect that the protons 

protona emitted by (Al + a), ‘ produced in the inter- 

1 action of a-particles 

with Al nuclei at different depths should have different velocities, so 
that their observed energy distribution would be in the form o a 
continuous spectrum extending from an upper limit determine y 
the initial energy of the a-particles to much lower values. c 
measurements indicated, however, that the emitted protons be 01 JS® 
to several more or less discrete groups, as shown in Fig. 29o, w _®. 
the number of ejected protons is plotted against their range. , 

result can be explained only on the h\ r pothesis that the o serv^ 
aroups of protons were produced at a number of particular e P 
the Al target, at which the continuously slowing down a-pa i 
have energies just corresponding to resonance penetration. 

When the a-particles were independently reduced by suitable 
absorbers to definite values of energy before bombarding tue a 
target and the experiment repeated, on plotting the ni l 
ejected protons against their range for the different values of tbee 
crgy of the incident a-particles, a series of curves were o * l . game 
the same “step” structure as in Figl 288, thereby indicating the sa® 
groups of protons at the different resonance levels of the comp u 
nucleus. This means that the a-particle entering the nucleus th * ^ 
anv one of the different resonance levels might be capture in 
distinct modes and consequently give rise to discrete ^ r0U P s , £ 
tons. The resonance levels refer to the intermediate compou ^ Q _ g 
leus rather than to the initial Al nucleus, while the groups o p^ 
at each resonance level give indications of the excitation 
product nucleus Si 3 ®. 
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A more detailed study oi the resonance phenomena in t his re- 
action was earned out by Chadwick and Constable (1932) and 

no 0 r.dm™tod".h. t thf ,1934) ' A '’ * ° f the “ "»“"=l>es, it » 

now admitted that there are six resonance levels for 4*0 4*44 4*8B 

0-25, o-75 and 6 61 MeV a-particles, and four proton groups for each 
resonance level corresnonHino +« / r\ , ” P Ior eac R 

- 1-53 - 2 67 Me V^ g ■ T , he , four ^ values 2 07, - 0 16, 
either in i Th res ’ dual nucleus Si 30 can therefore be left 

..i i 1 . ; 1 , «“• « - 2 07 MeV) or i„ „„o „f the three 

excited levels of .-23, 3-60, or 4-74 MeV above the ground state. 

were obserTed for Jf lder also . found that non-resonance protons 

^e",S r ,r r,lted “,?“«»«<>» of the a-particle above the top S ^ 
o'f Sieh”„» «„ U ,r lly ' T bombar< ling elements with . p P .r.Mes 
levels occurs end hencSisttoit r e ™‘™‘'OU through virtual 

SZSnKS dKi°i“.' 0f ""T hi « h “ th »” ‘ he top of the 
velocity andTiwSf ™ d^l«“ be ,I >r0 ‘ luc » d b ? P*'ticle. of any 
may be noted that if ia i tinet proton groups are observed. It 

of the potential barriersT S nuiLrfromthe aPPrOX i imatel 7 ‘ he heightS 

resonance maxima Thn Q • + u rom cessation of pronounced 
cles, thrhSST;ouvhlva n dMw aSe f f A1 . ^“barded by a -parti- 
resonance levels ffiveo JlvFi estlmate °f the width of the 

energy leteif S tl. T ^ ' t0 °' 3 MeV for the higher 

narrower ’ l0W6r levels would be expected to be 

Mg 2 ‘, Be® and B^produced bv a^rtff n1fc ^ grat T 8 u of Bl °> Nl< - 
different workers P In thl fi f' f P c e f have also been studied by 

in the last two neutrons ^« /°i Ur pr0t0ns are emitted, while 

have been observed and «»p J ec ted. One or more resonance levels 

resonance level - ea ^ 1 ? roups of emitted partides from each 

MeV, and 6 to 8 nroton '' two resonance levels at 4 1 and 3 7 

sonance level at m p v ou P' , <,ceurrin g lr * pairs ; with B™ ono re- 

at 4 2 MeV and five proton groups and so on. 

for the*^resonance b °^ barded b 'J Photons may be taken as an example 
maxima in tt eSaln f ^ TuVe (I936 ^ fou » d resonance 

was found to be verv narr.,« f h f brs 7 fc /esonance level at 0-328 MeV 
0b:!7) extended these data’ t° n ^- Herb. Kerst, Mckibben 

resonance at 0-6-0-7 MeV n i ° higher energies and found a broad 
of another at 1 76 MeV n« ‘ & °, ne at 140 MeV a » d indications 
a single y-ray line at Jm?v f 880 ’ ^° W ' er and La uritsen (1937) found 
111 a eloud chamber. M V by ai ‘ a ysis of P a *r-production observed 

the ^Zl^wS^of'r^n 116 ° bS , erV 1 d resonance features, especi- 
the reaction as a capture process in the case of f few 
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other elements bombarded by protons, such as Li 7 , Be 9 , B 10 , B 11 , C 13 , 
Na 23 and Al* 7 . 

The resonance disintegration in the case of neutron botobard- 
menfc will be dealt with in the section on neutrons. 

4. Exchange reactions. Disintegrations by deuterons of the 
( d , p) type, i.e., where protons are ejected, appear to follow a differ¬ 
ent mechanism from other reactions, which make them more pro¬ 
bable and less dependent on energy than would be expected from the 
ordinary wave-mechanical theory of Gamow, Condon and Gurney 
(G— C — G). This new mechanism, called exchange reaction , first pro¬ 
posed, in 1935, by Oppenheimer and Phillips (O—P) may be stated 
as follows : The deuteron, which is a complex particle made up of a 
proton and a neutron, in approaching close to a nucleus in the target 
might break up under the influence of the large electric field existing 
there into a neutron and a proton. The neutron, with no electnc 
charge, has not to overcome the potential barrier and hence could 
easily enter the nucleus, while the proton, on account of its positive 
charge would be repelled or scattered away. Hence the proton that 
is emitted in the reaction does not really come from within the bom¬ 
barded nucleus but only appears to. The neutron that has entered 
the nucleus could produce any of the characteristic neutron reactions* 
ordinarily a capture. The process may be considered as a “partial 
entry ” of the incident particle, in order to distinguish it from other 
reactions, where the incident particle as a whole enters the nucleus to 
transform the latter. 

Such an exchange process will give rise to two product nuclei 
which will then move apart with an energy determined by the en- 
ergy balance appropriate to the reaction. From the point of 0 
the results obtained, it can be considered as an ordinary subs i u 
tional reaction in which a deuteron enters the nucleus and is 
tured and a nuclear proton is emitted. But there is an ijnpo 
difference in the process itself which leads to a different value o 
disintegration probability 

The essential condition of the applicability of the O—P 
lies in the fact that there is a greater probability for the 
neutron than the ordinary wave-mechanical theory gives tor 
try of the deuteron as a whole. A quantitative consideration o 
problem shows that (1) in the case of the deuteron, on accoun _ - 

small dissociation energy (2*2 MeV) the process is, m general, 
ble * (2) the O—P theory can, however, be used only in tn 
he a ; y ( nuclei (A > 100) for which, it will surely mcrcase thedw 

integration probability considerably ; for] light. nude, h 
between the O—P theory and the G-C-lx theory i com . 

small; (3) the velocity of the incident deuteron mus - n 

pared with the velocities of the particles inside t ® mechanism, 

heavy nuclei the (d p) process usually fo«ow«[ the 0> P d by 

while the entry of the deuteron as a whole is generally io 
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emission oi a neutron — (d, n) process according to theG—C—G me- 
c amsm ; the probability of the two processes are comparable. 

The O—P theory of exchange reactions was first applied with a 
certani amount of success to the (d, p) reactions with A1 and Cu, 
studied by Lawrence and his associates (1935). The excitation cur¬ 
ves in these cases revealed a less rapid increase of yield with increas- 
mg deuteron energy than for processes resulting in a-emission and 
ey did not fit e theoretical curve baSed on the ordinary wave- 
mechanical concept. The shape of the curves oould, however' be ex- 
plained on the basis of the O—P theory. 

. A more convincing proof of the existence of the 0—P exchange 
whcrl°Ti has b r?., reali r d in the case of certain heavy elements. 

re the probability for the two competing (d,' p) and Id n) 

bomba!? Ca ? h X . determined - The results obtained with deuteron 
bombardment of bismuth by Cork, Halpern and Tatel 71940) may be 
cited as an example. 1 J 

of mD f* homha ‘ rded J j y deuterons. Bismuth has a single stable isotope 

oct ;<> 1 " umber 2 ? 9 and atomic number 83. When a bismuth tar- 

comneti!^ arde(1 with sufficiently high .energy deuterons, the two 
jiu petitive processes that can dccur are : b—. 

(d, P) 83 Bi 209 -f jD 2 -* * 83 Bi 210 + jH 1 

( d > *> gsBi* 09 + jD 2 -* * 81 Po 210 + oll i 

(Biwr™u?u n ' P ?? t0n reaction Vielda a radioactive isotope of bismuth 
of r ° j 1 ® e Sa ° ie as RaE. This has a ^-activity with a period 
cIpq 13 trans ^ orme ^ RaE. Radium F emits only a-parti- 

produces Pnsfo a P e . riort o f 140 days. The deuteron-neutron reaction 

aecay emitting a-particles with a period also of 140 days. 

It might be expected that the 
V > P) reaction would have a low 
P^ oba hil»ty compared to that of 
e (d, n) reaction, since the 
uncharged neutron can pass 

the potential barrier 
ea ily ( while the charged pro- 

, n ° t . 80 easily- But experi- 
TTain a • j a ^ a . P rove the contrary. 
bomK j dentlca i targets and 

bomb ardlng them with « beam Qf 

the ° f - the 8ame intensity, 

can m tbe two reactions 

The ; ? measured as follows : 

ineilief t , 6n8,ty of “-emission im- 
can h ° y ft fter bombardment 
the, • measured and it gives 
(d yieldofR aP produced in the 
jj" 5 faction. By recording 



of de.u.UnanA 


Fig* 294. Relative yields of radioac* 
tive atoms produced in the (d f p) 
and ( d t n ) reactions of Bi. 
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the increase in a-activity on successive days, the initial yield 
of RaE produced in the ( d , p) reaction can be obtained. When 
the yields in the two case are thus measured for different energies 
of the douterons and the data plotted, the curve of relative yields 
is as shown in Fig. 294. It is readily seen that at low energies 
the (d, p) reaction is much more probable than the ( d, n) reaction and 
at 9 Me V it is still five times more likely to occur than the other. This 
greater yield for the ( d , p) process can be accounted for adequately 
only by the O—-P theory. If the deuteron had entered the nucleus in 
every case the ratio of the activities would be represented by a curve 
different from that shown in the figure, since the greater yield would 
have been expected for the (d, n) reaction for reasons given above. 
But, even when the bombarding energy is increased up to 14*5 MeV, 
at which value the O—P process should become insignificant, the 
ratio (d, p) j ( d , n) still seems to remain at a value of about 5, for 
energies from 9 to 14*5 MeV. 

Thus the O—P theory, which considers the deuteron to be es¬ 
sentially “ polarised”, so that it splits up in the intense field of a 
heavy nucleus into a neutron and proton, the former being absorbed 
by the nucleus and the latter repelled away, has been experimentally 
verified. 


5. Photodisintegration. Disintegration of nuclei has been 
observed also under bombardment with high energy y-ray photons. 
This nuclear analogue of the atomic photoelectric effect has been 
termed photodisintegration or nuclear photo-effect . In most cases, the 
process results in the emission of neutrons . Consequently the product 
nucleus is always less in mass by unity than the bombarded nucleus. 
If the product nucleus does not exist in nature in a stable state, it vil 
be radioactive , and in general, a positron emitter . The reaction can 
therefore be detected by either observing the neutrons emitted or 
more conveniently by the radioactivity of the residual nucleus. 

Photodisintegration can occur only when the energy of the in¬ 
cident y-rays exceeds the binding energy of the particle to be ejecte 
As the energy of the incident y*ray is steadily increased, the rea ?v?*j 
begins at a certain “threshold” value of the photon energy, ana 
yield then increases more and more rapidly as the energy is increase . 
Theoretical considerations by Bethe and Peierls show that the gr 
est probability of disintegration occurs when the y-ray ene3r £>y ,s ^ 
twice that of the binding energy of the ejected particle. The e , 
section for the process is of the order of 10*~ 27 cm. 2 . Ai o ga 
this is a small quftjitity, the great penetration of Y" ra y 8 ex P 0S • 
large number,of ri&i3ei to bombardment, which results in an app 
able number of disintegrations.' 


In principle, all nuclei can be disintegrated by y-rays of ® _ 
ciently high energy. It is to be expected also .that particles o ^ 
than neutrons, e.g. 9 protons, a-particles or deuterons cai *. „ 
ejected in this process. The relative probability of these van 
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•types of photodissociation will be determine 

potential barrier for the particle to 

be emitted ; the probability will 

therefore be smaller for heavier 
nuclei. 

Photodisintegration was first 
discovered in 1934 by Chadwick 

,llid lhaber who observed that 

deuterium gas, when irradiated by 

of ThC " of energy 
2 62 MeV, was disintegrated, the 
deuterium nucleus splitting up in¬ 
to a proton and a neutron accord- 
ing to the equation 


iD 2 -)- hv 


A i ^ iH x + n l -f- Q 

L^ U 0 l. from . the masses 

v ® d m this reaction ahows a 
mass defi^^y of <>00234 m.u., 
which means that the reaction is 

WT-Wf - if iV & m Jm M ^ m 


endoeraic (i „ n • “ T un 18 Prof- R. Peierls 

defect or 2 17R M ( - and anener g y Q equivalent to the mass 

tegration with rf * be'supplied. Hence to produce photodisin- 

energy of at least 2*17?Miv^ lnC1 ' k?m ^-radiation must possess an 


mental data^a^fnU^ ^l^aber proved this to bo true from experi- 

disintegration /a °k W 8 ‘ The energy of the Protons produced i/the 
cloud chamber “ eas “ red by meft ns of a linear amplifier or a 

same amount of e sumin g that the neutron carries approximately the 

masses £ totaI t rgJ l- aS th ° pr0t ° n on account of-their nearly equal 
particles can be fat 1 ® 10 energy carried away by the two product 
energy , ph e ff) en as twice the measured value of the proton 

this a moun t from i® nergy thu " e8timafc ed is 0-45 MeV. Subtracting 

the energy absorbe^n 11 ^ ° f the 1 - nCident Y ' rays - viz -> 2 62 MeV 

with the values cal oniat , e P roce8S 13 2-17 MeV, which agrees well 
the equation This r«m it / r ? m mas ses of the nuclei appearing in 
disintegration of rt«fft ‘ S further confi rmed by the fact that photo- 
cf energy 2-198 M«v ®iti! m *u P. roduced a * so by the y-rays of RaC' 

* y . 98 MeV * although with much reduced intensity. 

-}- -b 1 ”,_- i° n ,°t e that the reverse of this reaction, viz., 

combination of ft * V ’ *i e " the form »tion of deuterium by the 
^8 energy of 2-17 M ft y° n t? a neutron, must be exoergic, liberating 

®<mtal£ measured Y V r*vtK W1 i?° in 5 ed out later that the experi- 

most accurate d m Y ethoH! hr r 3h ° Jd i for . d ® uteriu m constitutes one of 

^Measurements 0 f Wiedenhppt- ® V ^ U T,^ tin , 8 j'b 6 mass of the neutron. 

integration threshold of H?Marhofer (1945) give the photo- 
o-j, . 8ho,d of deuterium at 2-185 ± 0 006 MeV. 

. year (1934) discovered photo- 
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disintegration of beryllium, according to the equation 

4^ e& “f" Av —k 4 Be 8 -f- o^ 1 

The threshold energy for this reaction is found to be at 1*69 MeV. 

To produce photodisintegration of heavier nuclei , y-rays more 
energetic than that of ThC" are required. The-y-rays of 17*5 MeV, 
obtained from lithium bombarded by protons, have been shown to be 
able to produce photodisintegrations in practically all the elements of 
the periodic table. With the advent of the betatron capable of pro¬ 
ducing X-ray photons of very high energy, as much as 100 MeV and 
more, the study.of this reaction has been greatly extended. It has 
been found that several particles may be emitted from a nucleus 
bombarded with such high energy photons with a greater probability 
than the ejection of a single particle carrying a large energy. Thus, 
for instance, in the photodisintegration of O 1 ® there appears to be 
sufficient evidence for the existence of radioactive carbon C 11 of 
T = 20*7 mins, along with other products, which would mean the 
ejection of 2 protons and 3 neutrons. 

Hubber and his associates (1944) have found evidence for the 
following photodisintegration where a proton is emitted instead of a 
neutron : 


i2 Mg26 + hv -► * n Na 25 + x Bi 

* n Na 25 - > l2 Mg 25 + e~ (T = 1 min.). 

An accurate determination of the threshold value in photo¬ 
disintegration is of particular importance, as it gives the binding 
energy of the particle to be ejected. In the initial stages, where 
y-rays of high and continuously variable energy were not available* 
the binding energy was estimated by the measurement of the proton 
energy, as we have seen above in the method of Chadwick and Gold- 
haber. More recently, with the X-ray photons from the betatron of 
high and readily variable energy, the photo disintegration thresholds 
in different nuclei have been measured by studying the radioactivity 
of the product nuclei. Thus, Baldwin and Koch, irradiating differ- 
ent elements from C to Ag with X-rays from the batatron, were able 
to determine the threshold values as follows : For a given energy ® 
the incident photons/the yield of the photonuclear effect is estimate 
by measuring the intensity of the (3-rays emitted by the irradiate 
sample with a counter. The experiment is repealed by varying 
energy of the photons. When the data thus obtained, t.©*, th® 
tensities of (3-activity of the product! nucleus for different in cl ® 
energies are plotted, a curve is obtained which readily indicate© _ 
threshold for the element under test. The results obtained by 
workers are given in the table below : _ — 

+ c r<12 XT 14 Ol« 7n 64 MO i 


Elements 

c« 

! N 14 

O w 

Fe 54 

CU 62 ! 

Zn 84 

Mo 

Threshold 
in MeV 

190 

hi 

16-3 

1_i 

14 2 

100 

11 6 

13 5 


9-5 
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In the case of C», N>« and 0« it has been possible to calculate 

,TJT tl0n energles 9 from the masses and they are 18 8, 10 6 and 
ib MeV respectively, in good agreement with the observed values. 

6 Disintegration by electrons. Early attempts to trans- 
®®~ T e,emeilt8 using electrons as projectiles evon up to energies of 
MeV were unsuccessful. In 1939, however, Collins, Wildman and 
broth considering the problem theoretically came to the conclusion 
that it should be possible to produce disintegration with electrons if 
_en energy exceeded the threshold value for photodisintegration. 
fnii!L PUt thlS th ®° retical expectation to experimental test in the 
holdlTri^i 11 xt U , S t ng ber y llium > whose photodisintegration thres- 

"» from the Van de Gra.lf generaSfat Soto 

__ . mvers ity and observed the emission of neutrons for incident 

srsncsi'si 1 , 63 . u ' v a*.«-»* 


«Li 8 + o TOi * 


by the equation 4 Be 9 + 

duced bv 6 tlTf^^ 01 i S *| Wei ? 5j e ^ ec ^ e< ^ by means of the radioactivity in* 
target ^ ^r rhodium and indium placed near the 

Iho ^7,‘ "Th g . £l‘. h “ • i0 ? i “ , r *!■» *'•*<>- in 

tlJ at f r ^ 6B, J Th6 cros3 ' sect i° n of the reac 

8 X 10-3i cm * WaS estlmated to be only of the order of 

even heavy^^ent^h^v! ^ Ucce8 f “l disintegration, many others and 
electrons of high energy prod'ucedTn^betatrL With 

S T,’“ A n NT dkc °veries made in the 

F ARTIFICIAL TRANSMUTATIONS 

1. THE NEUTRON 

*; patticlo with very 

cial disintegration, for it ha^lent ° f 1 he re3earc hes in artifi- 

ducing radioactivity in aJ ?* 3 fP ecial Property of readily in! 
and of even breaking up some of th« 6 |. ement ( arti f lcmI radioactivity) 
lr^ ratl j n ° f enor “ous amount of ensKm*^? unstable elements with 
.^oduced a radical change in the theifrv It has also in- 

cordmg to actual conceptions all m ^>l^ nuclear structure^ since, 
and neutrons. p s * a11 nuclei are composed of protons 

Wic nuclei were constituted 1 wTtlf ®°“ monIy assu “ed that the ato- 

ohf o? d,CtGd the existe nce of a Mcffjf £?* elec * rone . Rutherford 

k °‘ a P r0t0n ft nd an electron more 8 , lmpl «. st ‘TPe. formed 

« more intimately united than in the 
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hydrogen atom, so that it possessed a mass almost the same as that 
ol the proton but without charge and hence called • a neutron. But 
such a nuclear particle could not then be detected. 

i j The study of the disintegrations of light elements 

by oc-particles led to the discovery of the neutron. Although three 

different groups of scientists 9 German, French 
and English, have contributed to this work, 
Prof. Chadwick of the English school justly 
deserves the merit of its final and definite 

accomplishment. 

In 1930, 6othe and Becker, two 
German scientists, noticed that when beryl¬ 
lium was bombarded with a-particles from a 
Po source of energy 5 MeV, no protons were 
ejected as would be expected from the 
general type of reaction of a-particles with 
light elements. Instead, a highly penetrating 
radiation was emitted, which could be de¬ 
tected by a Geiger point counter, even when 
Prof. Chadwick the source of a-particles and the target 

were completely surrounded by a screen of 
zinc or brass, thick enough to intercept all the a-particles as well as 
electrons and X-rays set free by the ionising action of the a-particles. 
They, therefore, naturally assumed that the observed penetrating 
radiation was of the nature of y- rays . Measurement of the absorption 
of these rays in lead indicated that the energy of the emitted photons 
should be about 7 MeV. 

In 1932, Joliotand Curie of Paris, in their attempts to produce 
transmutations with these penetrating rays, discovered that they 
possessed the 'very interesting property of expelling high $peed 
protons from hydrogenous matter, such as paraffin, water, paper, cel¬ 
lophane, etc. The protons knocked out of paraffin by the rays had a 
range of 40 cms. in air corresponding to an energy of about 5 MeV* 
They also found that a magnetic field of about 600 gauss established 
over 5 cms. of the path of the rays did not produce any influence on 
them# Assuming, therefore, that the primary rays were Y" 1 ®/ 
photons and that the protons were produced as the result of elastic 
impacts, as in Compton effect, calculations showed that the energy . 
of the primary rays must be of the order of 60 MeV, which ^as 
ntirely inconsistent with the value obtained from absorption 
measurements (about 7 MeV). Furthermore, since the suppoj®. 
y-rays arose from the capture of the a-partioles by beryllium nuc ^ * 
writing down the equation proper to the assumed nuclear 
tion, viz. , 

4 Be> + 2 He«-► e C« + Av 

the maximum energy available for the y-ray emitted by the J 

ing carbon nucleus could be calculated from the known masses o j 

particles involved and it was found to be only 16 MeV a ou , I 



NEUTRON 


951 


below the 50 MeV energy obtained from the recoil protons 
above. 


stated 


To overcome these difficulties, Chadwick of the Cavendish 
school in the same year (1932) reverted to the neutron hypothesis of 
Kutherford, as the result of a careful study of the projection of light 

hnnih j U °i u &3 etc,, by the rays coming from Be 

. ai ! 6 b ^ a-particles. He found that if these rays were assum- 

b6 Y ' ra ^®, thentheex P erimentaldata led to inconsistent values 

nroWtld* 87 ? f the 4 e rays being de pendent upon the nature of the 
projected nuclei For example, the protons ejected from paraffin 

enerffv er ^f 16 th° f ab ° Ut 5 MeV which gave a value of 55 MeV for the 
ergy of the primary rays, while nitrogen nuclei projected by 

SO MeV° ra T y n S „ had 61 T£ &3 ° f about 12 which led to i ?alue of 

considerablv iaa ^ energy of the same primary rays increased 

anH ,r.„ den . ° ontrar y to the principles of conservation of energy 

dSiSSTS” “ elaS i iC im P acfc3 - Chadwick 8h0 - ed ^t all Xe 

S lSr wh ; ch ^e uncharged particL with a mass appro™, 
mutely that of the proton formed according to the equation. 

4 Be® + 2 He*-> 6 C 12 + „ n i + Q 

t s^& that ita mass number " 
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Kg. 296. Chadwick's apparatus for the detection of neutrons. 

experSentaUy^f fol b ots the ThfL™ COrr f ctness of this conclusio 
shown in Fig. 295. A polonium sour^Tw 8 US6d f ° r this pur P ose ■ 

hum target Be were arranged iL?d S f a *P ar ticles and beryl 
radiation emitted by Be when th * &n ? vacua tod chamber V Th 
the thin A1 windo7w JtH L fe11 «it P a ssed throng! 

f. er a " a ngement whi ch registered^h“ ber j I ° f a Hnear am Ph 
, tbroagh T I - When the radiation fr om Be ^^ff 1 Petioles passinj 

] ead **"><* 2 cm,, thick 1 Z the " h Jt? reg stered - Interposal 
pme " w “ pi ““ d *> f ”»» 
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P^' 8 ® 3 '^creased greatly. These results proved beyond doubt that 

^H h 7i > t netrating radiatlon - though carried no charge as it was 
. ec e , y. a ma gnetic field, yet was not electromagnetic y-radia- 
tion, since the introduction of lead absorbers did not decrease its 
intensity but was made up of material particles which chased before 

hem protons from the paraffin and caused the marked increase of 
pulses registered by the linear amplifier. 

x* ^singthe c l° u d chamber and measuring the maximum veloci- 

om i° eren ^ nuc ^ e \ suc ^ proton, nitrogen, etc., chased by the 
j . y . ,6C °vered particle radiation, Chadwick was also able to 

♦if A eriD1 v e x* G m ? s ? an< ^ veIocit y the new particle, the neutron, by 
o app ica ion of the laws of elastic impact. The mass was found to 

e approximately 1*15 times that of the proton and the velocity of 
cover ^ ^ cms */ sec * Thusf the neutron was definitely dis- 


Other elements which emit neutrons when bombarded by 
a-particles are : Li, B, F, Ne, Na, Mg and Al. In some of these dis¬ 
integrations the product nuclei are stable, while in others radioactive 
with positron emission. 


In many cases, neutron groups with distinct energies are emit¬ 
ted, which are interpreted as corresponding to different excitation 
levels of the product nucleus. 

It is to be noted that in several of these reactions gamma rays 
are also emitted along with the neutrons, as shown by the appearance 
* of tracks of the fast secondary electrons of energy ranging up to 5 or 
6 MeV in the cloud chamber study, as well as by the asymmetry and 
complexity of the primary rays indicated clearly by tfieir absorption 
curves. 


Researches on the neutron. The discovery of the neutron 
in 1932 was followed at once by numerous other researches to study 
in detail the different properties of the neutron. 

(£) Production of neutrc/ns. Subsequent experiments have 
shown that not only many light elements emit neutrons when bom¬ 
barded with a-particles, but also almost any element bombarded 
with high energy particles* e.g protons, deutrons, neutrons and 
even photons, givo neutrons. They are classified as (a, n), (P\ n )> 
(n, 2 n) and (y, n) reactions. Although any one of these reactions 
might be used as a source of neutrons, in practice, some are chosen 
on account of their simple technique or great yield. Thus, for ex¬ 
ample, 

(а) Be, B or Li bombarded by a-particles from Po. Though 
the yield of neutrons is comparatively low, this sourco of neutrons is 
often used on account of the absence of y-rays and the pretty l° n & 
period of 136 days .of a-decay. 

(б) Be bombarded by <x-particles of Bn or Rn. The yield is quite 
good — 20,000 to 27,000 neutrons per sec. per miliicurie, but the omis¬ 
sion of y-rays from fSt and Rn may be a source of inconvenience. 
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All the same an ordinary standard source of neutrons is a small cap¬ 
sule containing a mixture of powdered beryllium and radon gas [Of 
p. 865). 


(c) Bombarding light elements with denterons , first attempted by 
Prof. Lawrence. Li, Be, or a substance containing deuterium such as 
4 ‘heavy” ice is used as target. 


T1 e respective reactions are 


* 3 LF + -► 4 Be* + 0 n* 

4Be 9 jD 2 —-* 6 B 10 + on 1 
X D 2 + jT) 2 -► a He 3 + 0 n l 

The last (d f d) reaction usually requires low voltages (about 200,000 
volts), while the others much higher, several million volts. On ac¬ 
count of the high yield of neutrons, of the order of 10 7 per sec., this 
method is of great industrial importance. Using high-energy deuterons 
from a cyclotron to bombard Be or Li, a very intense source of neu¬ 
trons, equivalent to that from thousands oi grams oi Ra mixed with 
Be, is obtained. 


Neutrons produced in these reactions possess very high energies 
uuiging from 4 to 25 MeV, as can be shown from a calculation of the 
reaction energy Q involved. They are, in consequence, emitted with 
enormous velocities and are called “fast” neutrons. Their speed, 
however, can be rapidly slowed- down by the use of hydrogenous ma¬ 
terials, as we shall see presently. 


fauU MAUrwuJ 


problem of collimating a beam of fast neutrons is difficult a 
the ordinary methods used for charged particles and y-rays canno 
e used. Dunning has devised (1938) a 
co imating arrangement known as the 
neutron howitzer”, shown in Fig. 296 
the neutrons from a (Ra + Be) capsule. 

k a 6 S 1 °? rc ? 1 ® * s pkced at the bottom of a 

a P ara ffin block shaped as in 
u\!!cx sends neutrons with ener- 

ThA f roxn the barrel outward, 

tn 10 n ^ 88 t'* 16 paraffin is sufficient 

* the nu ^ber and energy of the 

of hor Ai °** a ne ®Bgihle quantity in every 
The- m . ,rec ^ 10 ^\ except through the barrel, 
as thfi or 8ur face of the paraffin as well 
a Iftvpp W ? 8 the barrel are coated with 

absftpha 0 , (Ud) which effectively 

from i*h thermal neutnms resulting 

tron« in 8 0w ^ n S down of the fast neu- 
that rvT rv? P ara ® n * A layer of lead over 

<&rmin<v f 18 U86C ^ a ^ aor ^ y Y- ra VS 

g from neutron capture. 



Fig. 296. 
Neutron howitzer. 
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Fig* 297. Aebersold neutron 

collimator. 


In 1939 > Aebersold has been able to obtain a well defined and 
intense beam of fast neutrons produced by bombarding Be with high- 

energy deuterons from a cy- 

y//_ clotron, using collimating 

| arrangement as shown in 

50 CiriA iz Fig. 297. It consists of a 

~ ~ ~ , slightly tapering channel 

n through a 50 cm. wall of 

water. The ^ direct gamma 

< _rays from the bombarded 

VtuJfcmA j ' beryllium is absorbed by a 

< -- Y-'t&yt — n !/—r 3 cm. lead filter. The large 

thickness of water required 

--to produce a well-defined 

/* L-—"l FV/3tr: beam introduces consider- 

'2-5 Cm* ::y.v:i7.:r:.” able difficulty due to the 

fS £ ~L“L-j scattering of radiation by 

- r j -"q j the sides of the channel and 

^ the production of secondary 

radiation in the water col- 

Fig. 297. Aebersold neutron umn. This is minimised by 

collimator. lining the channel with a 

2*5 cm. lead wall. 

Intense beams of monokinetic neutrons have been obtained by 
the use of suitable reflecting crystals and mirrors. Two types of re¬ 
flection have been observed with strong neutron beams : The first 
by crystals according to the Bragg law for the de Broglie wavelengths 
corresponding to their energy. Crystals of .calcite and lithium fluo¬ 
ride are found to be satisfactory. The intense reflected beam con¬ 
sists of an ideal monokinetic group of neutrons. The second by total 
reflection with highly polished surfaces of selected materials and angles 
smaller than their critical angle. Mirrors of graphite, aluminium, 
beryllium, cojfper, nickel, etc., produce intense reflected beams at 
glancing angles up to 10 mins, of arc. It may be noted that these 
reflections of neutrons are similar to the well-known corresponding 
phenomena with X-rays. 

(tt) Detection of neutrons. Since the neutrons carry 
charge they have no ionising power and hence can be detected on y 
indirectly by the secondary effects they produce. There are severa 
methods in use. 

(a) Elastic collision method . When neutrons collide with a to 
mic nuclei, chiefly with light ones, the latter are chased. These ro 
coil nuclei may be made perceptible by the ionisation chamber wi 

a linear amplifier or by the cloud chamber and thus the in vim ® 
neutrons which projected them can be detected. Further, from 
suremenfcs made on the recoil nuclei, the intensity and energy 
neutrons can be deduced with a fair amount of accuracy. This me 
thod is well suited for the detection of fast neutrons. 

(b) Transmutation methods. Neutrons are capable of transmut- 
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M! ' 11 great number of elements. This property is utilised in the de¬ 
tection and study of the neutrons in a variety of ways. 

Supposing a transmutation by neutron occurs in a cloud cham¬ 
ber and results in the emission of a charged particle from the trans¬ 
muted nucleus, a V-shaped double track will be seen, caused by the 
residual nucleus and the ejected particle, the neutron itself producing, 
of course, no tracks. (Cf. photo on p. 956). 

The products of transmutation caused by neutrons can be 
measured also with ionisation chambers. Such chambers coated with 
Li or B or filled with BP 3 gas are frequently used, especially for slow 

i i s, the ionisation oeing due to the a-particles emitted in one of 
the two reactions :— 


. 3 Lis + 0 n!-* jH 3 + 2 He 4 or s B l <> + 0 n*-> 3 Li 7 + 2 He 4 

A G-M counter lined with boron (B 10 ) or filled with BF 3 gas, known 
&8 a neutron counter , is used for a quantitative counting oi neutrons, 
on account of the large cross-section of boron for transmutation by 
s ow neutrons. Fast neutrons may ,be counted also with such a 
counter by the use of a moderating shield surrounding the counter. 

The residual nuclei in the transmutations caused chiefly by slow 
neutrons are found radioactive in many cases. This radioactivity has 
been utilised also to detect the presence of neutrons. Thus, for in¬ 
stance, a counter whose outer cylindrical electrode is made of silver , 
a metal greatly affected by neutrons, forms a good neutron detector, 
buch a counter operates under the action of electrons produced in the 

decay oi the radioactive element formed when neutrons bombard the 
silver electrode. 


(tit) Distribution in speed of neutrons-—fast and slow 

neutrons. The velocity of the neutrons can be determined by 

measuring the ranges of the nuclei projected by them with an ionisa- 

lon chamber or a cloud chamber. The neutrons emitted in any given 

reactaon have different velocities according to the direction in which 

h wr k*ve the target, maximum in the same direction as the bom- 

. ar ng particles and minimum in the opposite direction. For ins- 

q? 00 * Jill 0 velocity of neutrora from (Po + Be) varies from 1*6 to 
^ 5 X 10® cms./sec. 


dn 1 } eu ^ rons obtained from a disintegration can be slowed 

__ wn by causing them to make elastic collisions with light nuclei. 

y rogen nuclei are found to be the best for this purpose, since they 
n vo nearl y the same mass as the neutrons. It can be shown that 
r 8 ’ colliding at random with protons whose velocities are much 
fiin* * er * W1 h ft ve their energy reduced in the ratio 1/e at each colli- 

HiJ 1 ! 0I li an avera ge> (e — Naperian base = 2*718). Calculation in- 
lea es that neutrons with an initial energy of 5 MeV can be slowed 

prot 1110 ener ®^ ea thermal equilibrium after some 20 collisions with 


Water and paraffin, which contain an abundance of hydrogen 
uc ei, are the two substances most widely used for slowing down 
cu rons. Thus, for instance, placing a source of fast neutrons 
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(Hrii -J- Be) at the centre o£ a paraffin sphere of about 10 cms. radius, 

slow neutrons with thermal energies emerge from the surface of the 
sphere. 


Initial researches made it possible to distinguish roughly bet¬ 
ween fast and slow neutrons, the former having energies varying from 
100 KeV to 15 MeV, while the latter from a few thousand volts down 
to thermal energies. Further work in- selective absorption of slow 
neutrons, chiefly by Fermi and his collaborators, has shown that what 
is ordinarily called slow neutrons consists of several groups. 

i iv ) Transmutations produced by neutrons. Since neutrons 
carry no electric charge, they experience no potential barrier difficulty 
in penetrating Atomic nuclei, even if these are heavy and highly 
charged. They ought to be, therefore, very effective transmuting 
agents. In fact, many more transmutations have been produced with 
neutrons than with other projectiles. Not only fast neutrons are 
capable of disintegrating nuclei, but also and especially slow neutrons 
have been found to be extremely effective. A great deal of research 
has been carried out with slow neutrons and the data obtained have 
formed the basis of Bohr’s liquid drop model of the nucleus. 

Feather was the first, in 1933, to observe transmutation by neu¬ 
trons. Using a cloud chamber filled with nitrogen gas at low pres¬ 
sure and allowing neutrons to pass through the chamber, he found in 
the photographs obtained, besides single tracks of recoil nitrogen 
nuclei produced in elastic impacts with neutrons, a number of forked 
tracks, one branch of which was short and thick, while the other 
longer and finer. He interpreted them as disintegrations according 
to the equation : 

(n, a) 7 N 14 + -> 5 B u + 2 He 4 + Q ... (1) 

Some others, like Meitner and Phillipp, Harkins, Bonner and 
Brubaker, followed Feather in studying the disintegrations produced 
by neutrons in several elements, e.g. t oxygen, fluorine, neon, argon, 
aluminium, carbon, copper, etc., with the same cloud chamber 
technique.* 



The results obtained by 


Bonner and Brubaker (1936) in the 

case of nitrogen trans¬ 
muted by neutrons are 
instructive as- they 
indicate the com¬ 
plexity of nuclear re¬ 
actions. The cloud 
chamber photographs 

showing three differ¬ 
ent reactions between 
nitrogen and neutron 
are reproduced here. 
One of them 
(1) represents a vary 

(2) frequent transmuta- 
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w“h° b „r <short thi<,t b '“ ct t0 tl,e kf * m 

an a-particle . (the ^ l 


with the emission of 
an a-particle . (the 
longer branch ' to 
ti e right marked a) 
according to the 
equation given 
above, detected by 
F gather. The one 
marked (2) is a Ios3 

1 | r, t reaction jn 
which a radioactive 
c * rb ° n . atom mark- 

55 1 C is formed with 
the emission of a 
proton marked H 
according to the 

equation ; 

/ 

(n, p) ?N i4 + #nl 



Different transmutations of nitrogen bv 
neutrons. (Bonner and Brubaker) y 


The stereoscoDie dnnbi u ^ ~f~ i® 1 “HQ ... ( 2 \ 

theVh- rn- C b three a f ls ” a rare transmuta- 

thmd lithium, according to the equation f ^ “‘ particIes a nd 

r'PtiA * . 7 N 1 * -(- -^ 3 L 1 I 7 -4- 9 FTp4 i 

Sap in tbe a8 ”» «£■*£ 9 „ f , he jMid i 3 ; 

interesting features of 

1 elements can be disintegrated b neu ? ron bombardment. Almost 

“me disintegrate reqSreSeuI ^ neutr ^ 8 wSfe 

""■nb« of particles « „ f. ^ U ° m liin ri * «» *ny ono“f ‘ 
2^*!*«”« In most »,«' ^fioaStT™”’ 1 ™" one “»'■ 

«ose atomic numbers ar^ ^ radl °active elements are fo^m^r? 

•" T ,b “ 1 » 

oSi'"SuSpUSffibir’j hen “ fa * he o«o of 

ner than nitrogen considered » k ? by low neutrons ■ Two cases 
They are 8 “ cons ,dered above, have been studied extensively.’ 

(?) »Tti # 4- „»1 -. n | , ... . _ 


$ ‘b,;+—* .ho-+ lH . + Q . 

These two r«nf * L + ° W - v sLi ’ + 2 He< + a 

^n r d5 on . acoou nt 0 of JheYr verj d^y fa the cloud cham 

wouS 0 bar f v 8 f °i B) they *™ ™effo77eTe?tZo7 (6 ° baFnS for L 

not give observable recoil protons T S' We ^ rows > "'hid 

. fn the case of hear*** / w- p. yooj. 

- * ^^saeascsias 
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the high potential barrier involved unless it possesses additional en¬ 
ergy due to the impinging neutron (c/. p. 935). The product nucleus is 

usually radioactive : 

e.g. (3) „Na 23 + 0 n 1 -► * 9 F 2 ° + 2 He« + Q 

* 9 F 20 -> 10 Ne 20 + e- (T = 12'secs.) 

(4) 13 A1 27 + o n 1 -► "‘uNa 24 + 2 He 4 + Q 

*uNa 24 -> iaMg 24 + e~ (T = 14 8 hrs.) 

These reactions may be represented in a general form as 


z x A + o nl —> * y a * +' 2 H ® 4 + Q 

(n, p) reactions are usually endothermic with the formation of a 
radioactive element, which decaying with electron activity of high energy 
(1 to 5 MeV), gives as the final stable nucleus the original nucleus. 
Now, since the masses of neutron and proton are nearly e(jus, 
the large amount of energy released must be supplied by the 
barding neutrons and hence reactions of this type are produced only oy 
fast neutrons. Some typical reactions are 

(1) ,N 14 + 0 fi x -► * 6 C 14 + jH 1 + Q , 

* 6 C 14 » 7 N 14 + e" (T > 10 3 yrs.) 

(2) 12 Mg 24 4- o^ 1 -*• * x iNa 24 + iH 1 + Q 

* ll Na 21 -> ls Mg* 4 + e" (T = 14‘8 hrs.) 

(3) 13 A1 27 + 0 n l -> * 12 Mg 27 + jH 1 + Q 

* liS Mg 27 -► i 3 A1 27 + e- (T = 10-2 mins.) 

It may be noted that the same materials can be produced in Jt#erenf 
ways, e.g., *„Na 24 and l2 Mg 24 are produced both in (n, «) and (n,w 
reactions, the target in the first case being Al, while in th , 

case Mg. This fact also indicates the possibility of producing artinc 
radioelements in practical quantities and on an economical as 

The general scheme of this type of reaction is 


■X -f- o n 


* z _iY A + ,H x + Q 


(n, 2n) reactions were first observed by Bothe and 
(1937) with fast neutrons. Pool, Cork and Thornton have ma 
tematic study qf this type of reaction with many ’ 0 f u 

high energy neutrons (20 MeV) produced by the bombar uVr stable 
with 10 MeV deuterons. In most cases, the prodwcij wwcleiw « « decay 
and an isotope of the target of mass one unit lower. Many ox t 
with a positron activity The general scheme of these reactions 


A 


X + 0 n 


~r o 

As concrete examples, we may give : 

* Cu« a 


A-l 

X + 


.n 1 + 




+ o 


( 1 ) 

( 2 ) 


29 


Cu 63 + o nl 
* Cu« 2 


tt 1 "f* 


+ Q 


> —r o'* • o" _ • . _ \ 

> *Ni B2 + (T - 1-5 nm»-) 


19 


K8» 


+ 0 


19 


K 38 


* lft K 38 + o " 1 + o» 


+ 0 


> A* + ® + ( T = 7-7 m) 
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More recently (1940) evidence has been reported of a “three 
particle” disintegration, either two neutrons and a proton, or three 

neutrons, being ejected when high energy neutrons are used as 
projectiles. 

' “5 i) reactions, known as the “simple or radiative capture ’’ 
process, were first definitely discovered in 1934 by Fermi and his 
associates w 7 ho made a rather exhaustive 
survey of this type of reaction for the 
available elements o: the periodic table. 

They used the neutrons from a strong 
(Ra-f-Be) source of high energy rang- 
ing up to 10*9 MeV. The radioactivity 
persisting in the bombarded element in 
many cases was taken as an indication 
of the capture reaction. In some cases# 
however, no radioactivity was observed, 
but y-rays were found to be emitted 
during the bombardment,, which was 
interpreted as the capture of neutrons 
with the formation of the heavier stable 
isotope of the target. It was later found 
that the efficiency of these reactions 
could be increased considerably by using 
neutrons, slowed down by passage 
through a hydrogenous material, such as oaraffin or wat^r 

reactions with slow’neutrons yielding particle products srp ; CG 

not probable in heavy elements thF l 1 P™ ducts are m general 

• i. i elements, the observed “water sensitive” 

y is taken as a strong evidence for this type of reaction 

evirWl,? ® ompoun ' 1 nucleus formed by the capture of a neutrons will 
isotope ^List wotope^of the target , of mass one unit higher If this 

SJ2K mU8t be ex0er 9 ic h y a " amount' approxi- 

given off in the form of y-radlation ^rth™ . Which ener gy is 

ZZZ2SX gV„’.™T. d , ,0 b0 H “<» *• 



Prof. Enrico Fermi 


X + „ n 1 


* z X A+l + hy 


o'^V^Thllvyel^Tntluith partic , le f the ca P ture reaction 

as heavy nuclei possess ^ h J l J^ \ l ^ r P r °babMij than for light ones 
over, as these levels are of I™ J* ^ P a ®ked resonanc^ levels. More- 

becomes great for slow neutrons Whjf falT pr °! >ablltt y °f thia reaction 
small but observable. W h fast neutrons probability is 

action We n ° W 8ivC a few concrete samples of this type of re- 

(i) iH 1 jjjjl ~ ^ p2 i_ ^ 

wmWnationofa'proton^md^nent^* 0 " 1 deuterium » f <>rmed by the 

and fairly large for slow neutrons 18 Ver ^. 8 m t b ^ or ^ ast ne utrona 

■ 10W neutrons - Th w reaction has been indirectly 



f(\6 r* 

9 /° t»y .' -t 

Establish s?^i 


physio|Q| > 

. • • . ^ / » . I tA. ^ ^ <• * ■ < i. • 


* >2)/ #l > 
H 


omparison with pb 




29 CuJ^ 

jv - 


* 2p Cu 66 +^v 


on, of which it is 


5 mins.) 


30 Zn 66 +e“ (T = 

* 79 Au 198 + hv 

* 0 Hg 198 + «- (T = 2-7 days) 

It to be noted that in these two reactions copper is transform 
ed into zinc and gold into mercury ultimately . 


* 79 Au 198 


Fission reaction. Another very interesting reaction, recently 
discovered, is what is known as the nuclear fission where heavy 
nuclei, rendered unstable by the capture of neutrons, instead of emit¬ 
ting small particles such as a-particles, protons, etc., break up into 
two more or less* equal parts. On account of the great importance of 
this process, we shall deal with it in detail in a separate section. 


(r?) The mass of the neutron. One of the assumptions, on 
which the discovery of the neutron was based, was that the masses 
of the neutron and the proton were nearly the same. Chadwick 
proved the correctness of this assumption by evaluating the mass of 
the nehtron from experimental data obtained from the projection of 
light nuclei and showing it to be only 1*15 times the mass of the 
proton. But in view of the probable errors involved in the measure¬ 
ment of the velocities of the recoil nuclei which amount to abou 
10%, this result could not be taken to give the mass of the neutron 
to a high degree of accuracy. On the other hand, it was both interes 
ting and important to determine as accurately as possible the mass o 
the neutron, as it was expected to throw light on the precise na ure 
of the neutron in relation to the proton. 

Since the neutron, carrying no charge, cannot be deflected in 
either a magnetic or electric field, the conventional methods use _ ^ 
charged particles cannot be applied to determine its mass. On J 
indirect methods of nuclear disintegrations are available for this P 

pose and has been used by many workers. Any l n u« von d 

the neutron is suitable, provided the reaction is establishe . _ ^ dre 

doubt, the atomic masses of the nuclei appearing in the_ reac 
known with sufficient accuracy and the original and fina 
energies of the particles can be determined accurately. 

Chadwick was the first to evaluate the mass of the neutron 

1 * 

this method using the reaction, 

5 B» + 2 He 4 -► 7 N“ + o” 1 ^ 

The masses of B 11 , He 4 and N 14 were known to a of 

racy from mass spectrograph measurements. The kmetio ^ ne tic 
the incident a-particles from Po used was also known. maximum 
energy of the neutrons was determined by measuring the ^gse 

energy of the hydrogen nuclei projected by them. Substi u ^ 

known quantities in the equation, the mass of the -iinwance 

evaluated and it was found to be 1*0067 ± *0005, ma in 8 
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enflpcrw ©nors involved in the atomic masses and in the 

100813 meaaurement8 - This value is less than the proton mass, 

“ v , e8ti « ator 8 such as Joliot and Curie, Lauritsen and 
used I?” G °'' Jb ^"' r “‘ h “ “»<* Breeteher, etc., bee 

r,™%“2* vo co ” , “ ten,ij * -« “w* 

deuterium hV5he ^uvT ftiT S/-“ ‘t“ h P l '»*«di„„«grutio„ of 
neutrons seconding 1 1 «,? 4„ “J P “ Pr0, °“ “ nd 

™°to“”S ne f u ,™ J 'L““ d " , kn °' rn ,*• ** M! M'V. Since the 
will be ejected with arm™ * neai * y e( }ual masses, these two particles 

proton StlS'3 T' r r &‘“' Jn he ° f «“ 

&*£?«•«££ t Tt‘„ h ^ <> orS i rd , r he ' l"° - 

SrSL f 3roT"heo P M tr °T Ph “?•£• ~luSr 

than that ofthe proton™ ™ 4etermmed 13 1( >089Z, definitely greater 

ed with\hal ig oflL 1 3o Va if Ue , df / he mass of the neutr °n as compar- 
tions about the nrL?™ 1 ? u d t0 a number of interesting spechja- 

which, aclrdine?o act^rI 0 ” be . tWeen the P roton and the® neutron 

tuent particles of all at^t • once P t . lons > are the fundamental consti- 

uncharged^iature*of°th ° f n * Utron ® “ matter - On account of the 
take pface in the ^ neutrons ’ their absorption in matter cannot 

ionisation*of the atoms® ^ Sf P eri P heral electrons resulting i^ Xe 

according to the wTf Wlth * he P ositiveI y charged atomic nuclei 

experience a Wwh en XTl SqUare8 ;u- The neUtr ° us can ’ hoWe ^ 

‘short range interact^ £l°l 7 ^ due excl ^ively to their 

* - a collision which may beSer 

ne«tro»«* 8 aMo*d l i!^ I to , the T l hlS W *f g * Ve rise t0 a mere “scattering of 
Centum. A oortinn f+i ^ awa conservation of energy and mo- 

transferred to the °* . str i ki ng neutron will be 

energy lo S8 will be very small Tiol If tll . ls . latter 13 ve ry heavy, the 
at each collision i ^ ** nuclei, on the other hand will 

e*pCs ^ of fast neutrons Th " 

af fast neutrons if Seed £ ^<H?nous materials. A beam 

,, ater or paraffin, while 50 cm InniM of 7 1P1 t. en8 *ty by 5 gm./cm.* of 
h© same result. 6®®*/ • of lead is required to produce 

©1 
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The scattering cross-section for fast neutrons is found to increase 
with the atomic number of the nucleus , in the same manner as the 
geometrical cross-section of the nucleus. But its value is of the order 
ol 10 24 cm. 2 for all nuclei, varying from \-fl x 10“ 24 to 6*5 x 10' 24 . 
These results were obtained by the researches made by Dunning with 
neutrons i'rom (Ra -f- Be) source. 

Inelastic collisions may be subdivided into two categories : 
(i) partial , where the neutron is scattered anomalously and the struck 
nucleus undergoes internal changes and is raised to an excited state 
of higher energy; (it) total , where the # neutron is captured by the 
nucleus leading to a real transformation. 

The first kind called Hnelastic scattering’ may be detected either 
by measuring the energy of the scattered neutrons or by the y-rays 
that are emitted by the nucleus when it returns to a state of lower 
energy. This type of scattering has been observed by Little, Long 
and Mandeville (1946) in magnesium with fast neutrons. They found 
that the cross-section for inelastic .scattering was roughly one-third 
that for elastic scattering. . Similar anomalous scattering of thermal 
neutrons in iFon has been noted by Block, Condit and Staub (1943), 
who found that magnetisation of iron almost to saturation decreased 
the scattering by about 10%. This result has been interpreted as an 
evidence for the existence of the magnetic moment of the neutron , in 
spite of the fact that it carries no charge. 

The second kind of inelastic collision, known as the capture 
process, plays a prominent role in transmutations produced by 
neutrons. 

Fermi effect* The study of the capture cross-sections was 
initiated by the important observation made by Fermi and his asso¬ 
ciates (1934) that the activity induced by neutrons in silver, rhodium 
and many other elements was enormously increased when the neutron 
, source and the target were surrounded by hydrogenous material, such 
as paraffin and water or when such material was interposed between 
the source and the target. This is known as the Fermi effect, whm 
has been explained by assuming that the neutrons slowed down y 
elastic impacts with protons in the hydrogenous material, have muc 
larger capture cross-sections than the fast neutrons . 

Fermi also found that (1) only those reactions which gave rise 
to an isotope of the target and hence were caused by the radiative 
capture of a neutron were sensitive to the effect and (2) the siowne - 
trons responsible for the effect were strongly absorbed m * he , 8a “ 
elements which were activated and also in many others wliicu cu 
not become radioactive, like boron, cadmium, etc. 

Capture cross-sections for slow neutrons. A systematic 
study of the capture cross-sections for slow neutrons in di eren . 
ments was undertaken, in 1935, by Dunning and Pegram who used 
for the detection of the slow neutron not the induced ramoa y 
but the lithium or boron reaction. The results obtained y - ' 

may be summarised as follows : The values of the cross-section ary 

i 
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greatly and irregularly perhaps with a certain periodicity, from element 

*™taESUoi “« nore ’ " ,h "“ sfor •»»*•<*•>«it 

TJj ICO of such large cross-sections (many times creator 

than the nuclear size) in several cases can be exolained onk^ nn l 

Thewa 60 * 1 * 111 ^ ^ a8 1 w ’ aB hft8 been done by Fermi, Bethe and others 
<^ rJ / e ' meChaniCal theor y in dicates that at sufficiently low sveeds 

*1 ur.ro”“cf 05 With * 

»” as zssr >Ren u “ d - fi,t ”« 

« lar^ r»y .«*» The Chennai neutonetS 
tely absorbed in O s Z ?^ i ln k tenor of P^affin are comple- 

distribution of velociSS and?«citt y haVe ’ *“ paraffin > a Maxwellian 

43 v 10-t< A yeioeitje/ and a scattenng cross-section for Droton of 

and a ca Pture cross-section of 0 31 v in-*« ?„k u f 

by a proton to fom deuL^ m Ti? C ° lll810n8 1 ,^ fore being captured 
10-6 x 10-4 8ec £ l • Thel f “ ean 1,fe i n paraffin is about 

®ee state for a long while. ^ &ln8 W ^ neu trons are not found in a 

fa Cd h fi e ite e r S ,°have e beTn" fur’tb'I^^ ? adi,y ° btained by the use 
based on their QQ w ^rtner divided into several sub-erouns 

tjons in certain element^ 6 e^the^D "' extreme ^ lar S e cross-sec’ 

rhodium the <<a>> 1 B ’ 9 ," • , droup strongly absorbed in 

9roup strongly absorbed^n^seiectavoly absorbed in silver, and the 
Hated solely bu the J-et ln dium. These various groups are differen 

is? «S ^ZiS’^'iZw’Z X'l™ ■■ V“C” »t£“, 

^ group about 2eV and the “ A” arm k a b°ut 1 eV, the 

m «ntalJy estimated gr ° Up about 3 to 4 eV » experi- 

absorotioii^r 11 / eatllres ° P e xperi mental resalts in 

*• isart •tar arsrtra 
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energy is immediately distributed among a large number of them and 
it transferred frequently from one to another. Th^n we may speak 
of the excitation energy of the nucleus as a whole, but not that of 
any particle. Further, the number of excitation levels which depends 
both on the excitation energy and the number of constituent parti¬ 
cles will be great, chiefly in the case of heavy nuclei, while the dis¬ 
tance between neighbouring levels will be only of the order of a few 
electron volts. In the case of light nuclei the spacing of the levels 
will be much larger, of the order of several ten thousands of volts. 


Under these conditions, it seldom happens that enough energy 
is. concentrated on one neutron to enable it to escape from the nuc¬ 
leus although there is just sufficient energy in the nucleus for the 
process to occur. The more probable process will be a transition to 
a stable state with emission of radiation. This explains why radio* 
tive capture occurs more frequently than scattering . 

The large number of closely packed sharp excitation levels in 
the compound nucleus explains the frequent occurrence of resonance 
of slow neutrons. The selective absorption of given “groups ol slow 
neutrons by given nuclei is also understood as a resonance effect of 
the neutrons with a virtual energy level of the compound nucleus. 
As the resonance levels will be different from nucleus to nuoleus, each 


nucleus will, in general, have its own characteristic group or groups 
of neutrons which are easily captured. 

Theory shows that the 1/vlaw holds if the neutron energy is 
small compared to that of the first resonance level or is small com¬ 
pared with the width of this resonance level. Hence, in heavy nuclei 
whose levels are dense and narrow, 1 jv law holds only for a very 
small energy region, while in light nuclei it holds up to rather hig 
energies corresponding to the large spacing and width of the levels. 
These a^e experimentally verified in the case of Ag for heavy nucei 
and boron for light nuclei. In Cd the non-validity of Ijv law in 6 
thermal region appears to indicate that the resonance level is very 


close to zero energy. 

(vit) Diffraction of neutrons. We have already remarke^ 
that intense beams of monokinetic neutrons can be produced by ^ 
methods, viz., by reflection from crystals according to Bragg s » 

and by total reflection from highly polished surfaces, in a ma ^ 

analogous to X-rays ( cf . p. 954). The first technique s0 . ?? 
higher energy neutrons whose de Broglie wavelengths are wi 
Bragg reflecting limit, while the second the low energy neu ron 
longer wavelengths that are totally reflected. 

The fact that neutrons can be scattered like X-rays 8 m 
the idea of refractive index of various materials for a neu ron _ 
Experiments on the regular reflection of neutrons from va 5 1 ^JJ s + 
tal planes indicate that (ft 1) is of the order of 10 *.an *diHon 

negative in sign ( i.e A < 1) f° r most elements, which is a con ^ 

for total reflection, and positive (i.e., p > 1) for some, e.g., ** 

nese. For the commonly used wavelengths of one to ten Ang » 
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in the case of neutrons, the critical angles of reflection are in the 
whereabouts of 10 to 30 minutes of arc. 

? icse findings, involving wave properties of a neutron, beam, 
have logically led to the study of diffraction of neutrons by crystals. 



Rocksalt 


Lead 


Laue patterns obtained with neutron beams 

li a beam of thermal neutrons from a chain-reacting pile, possessing 
all velocities or wavelengths in the thermal spectrum, is collimated 
and made to fall upon a single crystal, a series of diffracted beams 
are observed emanating from the crystal. If the diffracted beams are 
photographed, a Laue pattern is obtained. The photo above gives 
two such neutron Laue patterns, one obtained with a crystal of rock- 

w \J iand J'k© other with a lead sheet 5 / 8 " thick. The pattern obtained 
with lead clearly brings out the much greater transparency of matter 

o neutrons than to X-rays which would be confined to a very thin 
surface layer alone. 


The technique of the diffraction of neutrons by crystalline 
materials has other advantages also that are not to be had with 
i ^^ f electron diffraction methods. The following cases that have 

cen studied may be cited as illustrations :— 

. (4) Crystal structure . The relative scattering power of the scat- 
r ntrea making u p th© crystal is of great importance in the 

ted ^ 0t °u ydta . structure * Neutrons, having no charge, are unaffec- 
. peripheral electrons of atoms and hence can be scattered 

. “2 ; he atom *c nuclei. This nuclear scattering is effected by the 

forc ® fieid * about which very little is known and henc£ theo- 
amnUf considerations are not useful in describing relative scattering 
rnZIj' Bu . t man y nuclear scattering cross-sections have been 
catPQ Ure ex P ei *imentally. The result of these measurements indi- 

W^l Pronounced differences between neutron and X-ray scattering. 

7 e A * ra y scattering cross-sections vary regularly with increas¬ 
ing electron content of heavier atoms, there is no such variation for 
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the neutron scattering cross-section. This finding has been utilised 
in the study of the crystal structure of substances inaccessible with 
X-rays. For example, in the study of the crystal of ice , the effects 
with X-rays are almost entirely produced by the oxygen atoms in the 
crystal since the X-ray scattering cross-section of hydrogen is ex¬ 
tremely small compared with that of oxygen, and, in consequence, 
the scattering effects due to hydrogen are not detectable. But with 
neutrons, if the deuterated form (“heavy ice”) is used, the scattering 
cross-sections of the deuterium atoms and the oxygen atoms are very 
nearly equal and a direct analysis of the positional arrangement of 
these atoms in the crystal can be and has been made* 

(b) Proton-neutron interaction. Neutron scattering by materials 
containing hydrogen has a very important significance in nuclear 
physics, since it involves the interaction of the two constituent parti¬ 
cles of the nucleus, viz., the proton and the neutron. Measurements 
of the scattering amplitude in crystal diffraction and in total reflec¬ 
tion with hydrogenous compounds have given not only the magni¬ 
tude of the pro ton-neutron interaction, but also the nature of the 
interaction, viz., that it is spin dependent, i.e., depends upon the rela¬ 
tive alignment of the nuclear spins. For example, in the case ° 
deuterium formed with one proton and one neutron, the spins of the 


two particles are parallel. 

(c) Structure of magnetic materials — Antiferromagnetism. Since 
* the neutrons have a spin and associated magnetic moment, 
interaction between neutrons and atomic electrons responsible 
magnetic properties of materials may be expected. We also no ^ 
that in ferromagnetic and paramagnetic materials the unfille . 
shell in metallic atoms or ions contains electrons with unpaired , 
which are responsible for the magnetic behaviour of these 9 
In ferromagnetic materials the spins are ordered, while in para 
tic materials they are oriented essentially at random. 

Many years ago. X-ray diffraction studies were attempted 
magnetic materials in order to analyse their internal ^ 

without success, because the necessary magnetic in*® Provides 
wanting. Neutron diffraction technique, on the other nan ' P trong 
the required magnetic interaction and since the ” s fo the 

will depend upon the orientation of the magne i reveal the 

crystal lattice, the neutron diffraction pattern is bound 

internal magnetic structure. . _ fl Mra . 

The study of the scattering and^5 act j°“ ®^®" ated »nd2me 
magnetic and anti-ferromagnetic crystals has been mi trn ten e ofcOTDe - 

interesting results have already been obtained. Fo a how up 

pletely uncoupled moments, the magnetic aca . decrease in 

L » diffuse scattering in the pattern, mth. tom j, 

intensity with angle ofottering 11...form i£°| ***»»» 


itself, b 
function 


for tlie atomic moment, wnun vuw —-. 

pled together, coherence in the magnetic scattering 


crystal 
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the scattering is concentrated in the Bragg reflections from the crys¬ 
tals* which manifests itself in a sharp and well-defined diffraction pat¬ 
tern. In this way, it has been shown that in ferromagnetic and anti- 
* Lo o '.nictic substances all the moments are rigidly aligned. In 
paiamagnetic substances, some like manganese in the manganese 
sulphate, have their magnetic axes oriented at random with no coupl- 
ing forces existing between the individual moments, while others 
, ve kheir moments coupled together presumably by the exchange 
forces which act between the electron spins o : neighbouring atoms. 

The case of MnO, which was formerly thought to be paramag* 
netic, is interesting. In neutron dnFraction experiments with MnO, it 
' '; oliat when the crystal is well above the Curie point there 

are no magnetic interference effects, but below the Curie point addi¬ 
tional diffraction peaks appear corresponding to double the spacing 
of the unit cell as determined by X-rays. At temperatures modera¬ 
tely above the Curie point, the extra peaks do not disappear com¬ 
pletely but persist in a diffuse form. These observations have estab¬ 
lished that MnO is antiferromagnetic. In a class oi crystalline sub¬ 
stances, such as FeO, FeCl 2 , CoO, NiO, Mn, MnO, Cr, etc., the mag¬ 
netic vectors of adjacent atoms are oppositely directed throughout 
the lattice, which cause the interaction of next-to-nearest spins to 
become more important than that between those which are imme¬ 
diate neighbours. For example, in MnO, the coupling between spins 
of Mn ions is through excited states, where the O ion plays the role 
of an intermediary. When the atoms Mn —O—Mn are collinea the 
coupling between two Mn ions (next-to-nearest neighbours) is very 
strong, so that in such structures the magnetic vectors of adjacent 
Mn ions, when separated by intervening ions, point in opposite dir¬ 
ections, resulting in anti-ferromagnetism. Anti-ferromagnetic sub¬ 
stances have two characteristic temperatures, the Curie point 8 and 
a characteristic temperature $ s for each substance. At the Curie 
point the susceptibility is maximum and below this temperature the 
anti-ferromagnetic order establishes itself. As the temperature is 
owered belowj?, the lattice vibrations become smaller and the oppos¬ 
ed alignments of neighbouring spins become more perfect, so that in 
Wus range the susceptibility x varies directly with temperature. 

bove the Curie point, thermal oscillations of the lattice becomes 
arger and the spin alignments become increasingly random. In this 
region, para magnetic behaviour is established and the susceptibility 
o eys the law : X — C / (8 + 8 S ). From neutron diffraction experi¬ 
ments 8 and 8 S can be estimated. For instance, in the case of 
nO, $ — 122°K and 8 S = 610°K. From the diffraction patterns it is 
ound that in MnO the spins are oriented along (100) crystal axes, 
w ereas in FeO they are aligned along the (Ill) axes. It has also been 
ound possible to alter the neutron diffraction patterns by the influence 

o a powerful constant magnetic field on the spin orientations. The 

appearance of diffraction peaks at double the spacing of the unit cell 
ue to the fact that in antiferromagnetic crystals the parallel spins 
nave twice the period of the lattice spacing. 
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( viii ) Mean life of free neutrons* Neutrons in the free state 
exist for only a very short time. A neutron freed from a nucleus 
continues in its motion until it encounters another nucleus and is 
absorbed by the latter. Even if the neutron is slowed down to 
thermal velocities the duration of its free state is only 10" 4 sec., 
during which alone its behaviour can be studied and its radioactivity, 
if any, detected. The neutron should decay according to the scheme 
n —> e~ + v. Robson working in Canada (1950) has counted the 

number of decay electrons in an intense beam of neutrons from a 
nuclear reactor pile. From a study of the Variation of the number 
of electrons with the intensity of the neutron beam, he has found the 
half life of neutrons to be about 13 mins. This time is so large that 
neutrons are usually absorbed in matter before disintegration occurs. 

(jx) Some practical applications of Neutrons. The biolo¬ 
gical and medical sciences are being greatly benefited by the dis¬ 
covery of the neutrons. It has been found that neutrons produce 
intense biological effects, even greater than X-rays or y-rays on 
normal and tumour tissues. Further, while X-rays and y* ra y s 
absorbed much more rapidly in the bony rather than the fleshy 
tissues, neutrons are absorbed more rapidly in the fleshy tissues, very 
probably due to the greater concentration of hydrogen nuclei there. 

Experiments on animals have indicated that neutrons are 
more destructive to neoplastic than normal. tissue. Hence they are 
being applied to cancer therapy and patients suffering from cancer 
are now being treated regularly with neutrons from the 60-inch an 
220 tons cyclotron of the medical biological laboratory in the univer 
aity of California. Recent experiments performed in that laboratory 
have demonstrated another possible application of neutrons in cantse 
therapy. Cancers from mice placed in non-toxic concentrations o 
boric acid and irradiated with slow neutrons have been foun . 

destroyed with doses which are harmless to tissues not in con _ 
with boron. The mechanism involved is probably as follows : 
slow neutron is captured by the boron nucleus, resulting in tne e 
sion of two heavy ionising particles in opposite directions, v%z. t 
a-particle and a lithium nucleus, which traverse a distant 
7/4 in the tissue and thereby produce a kind of explosion 

cell. 

2. ARTIFICIAL OR INDUCED RADIOACTTVIT Y 

Introduction. In the different artificial transmutations desen- 

bed in the previous sections, we have frequently _ Hisinte- 

where the product nucleus is unstable and undergoes forth . 

gration emitting electrons or positrons until a final s^le . instan- 
formed. Since this P-disintegmtion, which follows the 
taneous nuclear reaction, is characterised by the_ sam P ene rgy 
spontaneity, delayed action , exponential decay and a co* oonsi- 

distribution as the natural ^-radioactive elements, it is - fnean s t 

dered as true radioactivity. But as it is produced ^ ^ ^ an d 

it is rightly called artificial or induced radioactivity . 


of about 
the 
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welcome surprise caused by this phenomenon is easily realised, if it 
be remembered that before its discovery it was taken for granted 
that artificial transmutations could be only instantaneous processes, 
while radioactivity was entirely beyond control and restricted to 
some forty naturally occurring heavy elements. Little did scientists 
suspect then that today one could actually produce by artificial means 
somd 500 more radioactive elements which do not occur normally in 
nature. 





Discovery, Artificial radioactivity was first discovered by 
Mme. Curie Joliot and her husband M. Frederick Joliot, in 1934, in 
the course of their researches on neutrons 
emitted when light elements as B, Al, Mg, 
etc., were bombarded by a-particles. They 
found that the bombarded substance con- 
tinueo to emit radiations even after the 
source of a-particles had been removed. 

This delayed action, similar to jtliat found 
m natural radioactivity, disproved that it 
could be a direct effect of the bombard - 
mem. Ionisation measurements and mag- 
deflection experiments showed that 
radiations were positrons. They next 
discovered that this positron activity of 
the bombarded element behaved very much 
like the ordinary (3-activity of the natural 
radioelements. For, when the target, after 
a few minutes exposure to the bombarding beam of a-rays from Po, 
was removed and placed by the side of a thin-walled Geiger-Muller 


Mme. Irene Curie Joliot 



Fig. 298. Exponential decay of the radioactivity induced by the 
bombardment of B, Al f Mg with a-particles. (I. Curie & F r Joliot) 

k uil dreds of counts per minute disclosed the emergence of 
particles from the target. And the activity was found to 
se exponentially with time, just as in the case of natural radio- 
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elements. Plotting the experimental data, t.e., the logarithm of in¬ 
tensity against time, a straight line graph was obtained as shown in 
Fig. 298, from which the half-period T of the activity could be readi¬ 
ly measured. The values of T thus obtained were different for 
different targets as with natural [3-emitters, e.g ., for boron 14 mins., 
(more accurate value later obtained being 10 mins.) aluminium 3 
mins. 15 secs., magnesium 2 mins. 30 secs. These observations made 
the Curie-Joliobs draw the very important conclusion that the pro¬ 
duct nucleus formed in the first (a, n) reaction in the cases studied 
was unstable and hence disintegrated with the emission of a positron 
according to the reaction equations : 

5 B 10 + 2 H© 4 -> * 7 N 13 + qTi 1 + Q 

* 7 N 13 -► 6 C 13 + e+ (T = 10 mins.) 


13 A1 27 + 2 He*-> * 15 P 30 + 0 n* + Q 

* 15 P 3 °-* 14 Si 80 + e+ (T = 3 mins. 15 secs.) 

The product nuclei *N 13 and *P 30 formed in the first part of the 
reactions were not found among the known stable isotopes, while the 
final residual nuclei G 13 and Si 30 that resulted after the emission of 
positrons w r ere known stable isotopes. To decide definitely whether 
the reactions actually took place as represented by these equations 
chemical tests were applied. The general method of procedure was 
to dissolve the irradiated substance and then add to the solution 
Bmall quantities of inactive neighbouring elements. The differen 
elements were then separated by chemical methods, generall} 7 , the 
precipitation of an insoluble salt and sometimes the formation oi a 
gaseous compound. The identification of the radioelement cou 
then be readily made. 


For example, in the boron reaction , Curie and Joliot lrraai 
boron nitride (BN) with a-particles for a few minutes and e 
heated it with caustic soda. One of the products of this 
reaction was gaseous ammonia (NH 3 ). When the various pro ® . 
were tested fot positron activity, it was found that only NH 3 & • 

which thereby indicated that nitrogen was the radioelement pro . . 
in the experiment. Its half period was found to be the same f. 8 ft a: 
produced in other irradiated boron targets, while no such ra io 
vity was observed when ordinary nitrogen was used as targe 

In the aluminium reaction , when the irradiated W f n 

dissolved in HC1, the activity was carried away by the by r0 j~ m ^ ca i 
the gaseous state, which could be collected in a f u ^ 0 * u a( j 

reaction must be the formation of ptfosphine PH 3 , if phosp o ^ 
been produced in'the a-bombardment of the aluminium reeia* 

make sure of this point the irradiated A1 was dissolved in ftq a< jjed 
without evolution of gas, and a compound .of zirconium wa 
which would precipitate phosphorus as zirconium p osp fo un d 
aluminium remaining in solution. The positron activity stance 
only in the precipitate and not in the solution. Hence almost 

emitting the positrons was definitely not aluminium an 
certainly an isotope of phosphorus. 
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Such tests established without ambiguity that the observed 
positron activity was really due to the new radioactive elements, 
radionitrogen and radiophosphorus , produced according to the equa¬ 
tions given above. These are isotopic with the ordinary nitrogen 
and phosphorus, but do not normally exist in nature. Being un¬ 
stable, they break down into stable isotopes C 13 and Si 30 respectively 
by the spontaneous emission of positive electrons. 

As soon as Curie and Joliot announced their discovery, the 
study ot artificial radioactivity was taken up in many other labora¬ 
tories as Cavendish in Cambridge and Pasadena in California, and 
new cases of it were announced at a rapid rate. It was soon found 
that the phenomenon occurred not only Under a-particle bombard¬ 
ment, but also with other projectiles, as protons, deuterons and.neut¬ 
rons and that the artificially produced radioelements not only emitted 
positrons but also electrons in several cases. 

Wilson's cloud chamber method was applied in the analysis of the 
activity of the artificial radioelements by Ellis and Henderson at the 
Cavendish Laboratory and by the 
workers at Pasadena and beautiful 
photographs of the tracks of the 
emitted particles curved by magne¬ 
tic fields were obtained in confirma¬ 
tory evidence of the discovery. One 
such photograph is reproduced here. 

It was obtained by Anderson in Cal i- 
fornia, when a carbon target, after 
having been bombarded for several 
minutes with protons of 09 MeV 
energy, was placed right into the 
chamber. The tracks obtained have 
the specific aspect of the electron 
tracks and in the applied magnetic 
field of 800 gauss they are curved in 
a sense which proves the particles to 
he positive. The positron activity is 
evidently due to the formation of 
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Induced positron activity From 
carbon bombarded by 0|9 MeV 
proton^. (Anderson) 


radionitrogen N 18 in the “capture” 

(P* Y) reaction of proton with carbon, already described (C/. p. 939). 

The nature of the dependence of the induced radioactivity on the 
kinetic energy of the bombarding particles was also investigated. The 
Joliots were able to establish that the half period w s independent of 
the kinetic energy of the projectile when the energy of the a*particles 
of Po was vailed from 6*3 to 1 MeV. This proved that a single kind 
°f un8 tablt nucleus alone resulted from the reaction . But the intensity 
of the emitted positron was found to diminish as expected when the 
energy of the a*partdoles wets decreased becoming almost impercepti- 
“I® about 3 MeV for boron, and at 4 to 4*5 MeV for A! and Mg. 
2r w Henderson at the Cavendish Laboratory working with 8*3 
MeV a-partioles found the same result, viz., the number of positrons 
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steadily increased as the kinetic energy of the a-particles was raised, 
in the ratio of 15 : 1 for a change the energy from 5*5 to 7 MeV. 

Energy spectrum . The complete similarity of induced radio¬ 
activity with natural radioactivity was finally proved from the 



& ve/l f2 *** 

Fig. 299. Distribution-in-energy of positrons of the induced radioactivity 
resulting from bombardment of carbon with protons.(Anderson) 


nature of the energy distribution of the particles emitted by the 
bombarded targets. Their energies and number were estimated by 
the magnetic spectrograph or the cloud chamber, as described in con¬ 
nection with (3-ray. spectra (c/. pp. 850-52). When the data were 
plotted thp distribution-in-energy curve. presented a continuous f 0 ™ 
with a definite upper limit as shown in Fig. 299, drawn from cut 
obtained by Anderson and Neddermeyer by the cloud cham r 
method. Ellis and Henderson also werfe able to observe a continuous 
distribution of energies of positrons ranging from 1 to 2*5 MeV in one 
of the cases of radioactivity induced by a-particle impact. 
quently, this was found to be true in every case analysed, rega _ . 

of whether positrons or electrons were ejected), This general resul , i 
its turn, showed that the newly discovered artificial radioao tity 
followed the same mechanism involving a simultaneous ejection o_ 
neutrino as in the case of (3-activity of natural radioactive * 

Thus, the new phenomenon frequently met with in artificial , . 
tations was definitely established as genuine radioactivity, tnoug 
duoed by artificial means. 


Researches on induced radioactivity. As the main P _ 
of identification of induced radioactivity as true radioac * V1 7 
satisfactorily solved within less than a year after it was firs a gg 
ed, thanks to the spirit of collaboration and enthusiasm 
vestigators, the researches that followed the discovery cm y 
corned themselves with the accumulation of more cases oit e p _ 
menon, their classification and interpretation, the study o , 
special types of radioactive decay such as nuclear isomer 
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K electron capture, and ©specially with the practical application ot* in¬ 
duced radioactivity, extending beyond the limits oi artificial trans¬ 
mutations to the realm of medicine and biology, where they have 
now opened out a very important and wide field o investigation. A 
short account of these developments will now be given. 

(}) Production of artificial radioactivity. Since the first 
discovery in 1934, more than 500 artificial radioactive isotopes 

have been found, provoked with all the five commonly used project¬ 
iles, a-particles, protons, deuterons, neutrons and y-rays. A great 
majority of them have been identified as regards their mass and 
atomic numbers, which indicate that one />r more radioactive isotopes 
exist for practically all the elemepts in the periodic table. 

Many of the light elements between boron and calcium give rise 
to artificial radioelements when bombarded with the on-particles from 
natural radioactive sources. Many of these radioelements emit 
positrons as Be 10 i N 14 , Na a3 , Al 27 , etc., but some as Si 29 , 0a 40 , P 31 , etc., 
electrons. Mg yields positrons as well as electrons, but this has been 
shown to be due to different primary reactions with the two isotopes 
Mg 24 and Mg 25 , the former producing radioactive *Si 27 with the emis¬ 
sion of a neutron, and the latter forming radioactive *A1 28 with the 
emission of a proton, according to the equations ; 

ia Mg 24 + 2 He 4 -► * l4 Si 27 + qU 1 

* 14 Si 27 -► 13 Al 27 + (T = 6*7 mins.) 

u Mg 25 + 2 He 4 -» * 13 A1 28 + jH 1 

* 13 A1 28 -» 14 Si 28 + e- (T = 2*3 mins.) 

With protons as projectiles , ( p, n) and (p, y) reactions are 
known to give rise to artificial radioactivity, emitting positrons or 
electrons. With deuterons , chiefly of high energy produced by the 
cyclotron, many elements, even heavy ones as Bi and Pt, acquire 
radioactivity, emitting electrons or positrons. With heavy elements 
like Bi, a-radioactivity is also produced. With neutron bombardment 
induced radioactivity has been extended to most elements. Chiefly 
witH the discovery of the Fermi “water effect”, where slow neutrons 
of thermal energies become very effective transmuting agents, a great 
number of radioactive isotopes, even with many heavy elements, 
has been formed. For the three most important processes which are 
known to produce induced radioactivity, viz., ( n ; p ), (», a) and (n, y) 
emission of electrons is common , though in a few cases positrons are 
also observed. In photodisintegration processes , which ordinarily cause 

he emission of neutrons, the radioeleinents -formed are positron 
emitters. 

Vield. In the artificial radioactivity produced by means of 
bombardment the yield is very low : e.g . for every 10 7 a-parti- 
ftff 8 +* ©nergy (8*3 MeV) incident upon an Al target only six are 

production of radiophosphorus. Further, even this 
a 1 yield falls rapidly as the* energy of the a-partioles is diminished 
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In the radioactivity provoked by neutron bombardment the yield is 
much greater, which is still further increased when the neutrons are 
slowed to thermal energies, in some cases as much as 40 to 100 times. 
High energy deuterons produce also large .yields. Chiefly the (i, p) 
reaction results in intensities comparable with the natural radioactive 
sources. 

Period aikd energy ranges. The half periods of the different 
artificially produced radioelements, measured with Geiger counters or 
ionisation chambers equipped with sensitive electrometers, range 
from 0 02 secs. (B 12 ) to more than 10 years (Be 10 ). These limiting 
values have both been obtained from deuteron induced processes, in 
which cases the ^igh energy of the projectile and the consequent high 
yield have made these extreme cases just observable. The shortest 
hp.lf period of B 12 was estimated by counting th^ number of electron 
tracks in a cloud chamber arranged*to be automatically expanded at 
short known intervals following the cutting of the deuteron beam 
irradiating a boron target placed in the chamber. The longest period 
of Be 10 was found by studying the activity in a beryllium target 
which had been bombarded by deuterons for a period of six months 
as a neutron source. Ill may be noted that both the artificial radio- 
elements considered here are produced by {d r p) and not by (d t n) 
reactions : 

sB 11 + a D 2 -► 

* S B 12 -► 6 C 12 + e~ (T = 0*02 sec?.) 

4 Be 9 + X D 2 -► * 4 Be 10 + 1 H 1 

* 4 Be 10 -► 6 B 10 + (T 10 yrs.) 

The maximum energies of the electron and positron emissions 
from artificial radioelements, as measured by absorption and , deflec¬ 
tion techniques, are found to vary from below 0*3 .MeV to 13 MeV, 
although in many cases the upper limits) are in the whereabouts of 2- 
to 3 MeV. The maximum energies and the half periods of several of 
the artificial radioelements appear to satisfy approximately the 
Sargent relation, as in the case of the p-rays from natural radioactive 
elements. 

( 2 ) Glassification and interpretation of artificial radio¬ 
activity. On the basis of the pro ton-neutron model of the nucleus 
and the tendency for the ratio N/P, (t.e., of the number of neutrons 
to that of protons in nuclei) to change towards a stable value, a 
general classification and interpretation of radioactivity can be 
made. The number of excess neutrons in the stable nuclei is found 
to increase more or less regularly with increasing charge. The un¬ 
stable radioactive nuclei above or below this region of stability will 
tend to return to the stable region with the emission of those parti¬ 
cles which best accomplish this result. Hence, radioactive nuclei 
formed with an increase in {N — P) arid in consequence heavier than the 
known stable ones tend to exhibit electron activity , resulting in a product 
nucleus of the same mass but higher charge. On the other liana, 
radioactive nuclei formed with a decrease in (N — P) and consequently 
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too tight to be stable will emit positrons, giving rise to a product nucleus 
o< the same mass but lower charge. Emission of arr electron increases 
P at the expense of N, while emission of a positron has the opposite 
effect. In either case, a nucleus having a more stable ratio of N/P 
is produced. The following table based on the above-stated general 
law gives the classification ol the principal types of reactions with, 
respect to the kind of p-activity, .to which they give rise. Many ex¬ 
ceptions, however, occur. 


Activity i 

1 

* ! 

e~ 




Change in 
N-P 

2 

1 

0 

— 1 

- 2 

Reactions ; 

(»» V) 

(a, p), ( d, p) j 

1 (d> «) 

; (a, n), (d, n), (p, y) 

(p.«) 

* 


( n, a), (n, y) 


(n, 2 n), (y, n) 

\ 



The additional important points to be noted in this connection 
are *:— 


(a) Radioactive isotopes ordinarily lie close , on the mass scale , to 
mole isotopes of the same element , lighter ones tending to be trans¬ 
formed with a decrease of charge (positron activity) and heavier ones 
with an increase of charge (electron activity) : e.g., Na 22 (positron 
active), Na 23 (stable), Na 34 (electron active). In most cases the radio¬ 
active isotope is found to have a mass number differing by one unit 

^he extremes of the stable isotopes of that element: e.g., N 14 
and N 1 j (stable) are flanked by N 13 (positron active) and N 16 (electron 
active). In many instances, the radioactive isotope fills the gap bet¬ 
ween two known stable ones ; e.g., Ag 1C8 (electron active) lies between 
the stable Ag 107 and Ag 109 . In a few cases, the unstable isotope differs 
y two or more mass units from the stable ones : e.g,. At 29 (electron 
acUve), while Al 27 (stable) ; Sb“«, ««, * 20 (positron active), 8b™', 123 
(s able), Sb 122 * 124, 12 ?* 129 , 131 (electron active). In some instances, 

ranching processes occur, yielding positrons and electrons from the 
same radioactive isotope . 

(b) The same radioactive isotope can usually be produced in diffe - 
sn ways : e.p.,* 13 Al 28 which decays to stable 14 Si 28 with the emission 

6 ectron can be produced in the following five ways :— 

i*Mg 16 + 2 He 4 -» * 13 A1 28 + *H l 

13 A 1 27 + X D 2 -» * 13 A1 28 + l H 1 

i 3 A1 27 +^1 -> * ia Al 28 + hv 

14 Si 2 ® + Qn i -—► * 13 A1 28 + jH 1 

»6^ 31 + o 7 * 1 -> ^ijAI 28 + 2 He 4 

* 13 Al ae - p jiSi 28 + e~ (T = 2*4 mins.) 
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Similarly Ag 106 which decays to stable Pd 106 with positron 
(T = 25*5 mins.) can be produced in at least eight ways. 


emission 


(c) Radioactive isotopes may be formed of elements hitherto «»* 
known , which means production of new elements . In the periodic table 
of elements, there were three places vacant for atomic numbers 
Z = 43, 85 and 87. With the different types of projectiles available 
and the variety of nuclear reaction known, it has been possible to 
produce these elements artificially as radioactive isotopes by bom¬ 
barding nuclei of neighbouring atoms with suitable particles. At 
least eight reactions result in the formation or radioactive products 
with Z — 43 , now known as technitium whose chemical properties 
will be given by those of the above-mentioned radioactive isotopes. 
The element of Z = 85 lias been produced by bombarding bismuth 
with 32 MeV a*particles. It is called astatine and occurs in the same 
vertical column of the periodic table as iodine ; the resemblance bet¬ 
ween the two has been experimentally established. Element 87, call¬ 
ed francium, has been found as one of the products in the natural 
radioactive disintegration of actinium. It decays emitting electrons 
with a half-period of 21 mins. 


Radioactive forms of transuranic elements with Z = 93 (neptu¬ 
nium), Z — 94 (plutonium), Z = 95 (americium), Z = 96 (curium), 
Z — 97 (berkelium), Z = 98 (californium), Z = 99 (einsteinium), 
Z = IGO(ffermium), Z = 101 (mendelevium) and Z = 102 (nobelium) 
have also been produced recently. 

(d) Many artificial radioelements emit also y-rays along with the 
fi-rays . In order to distinguish these y-rays emitted in the decay of 
the artificial radioelement from those which might be emitted in the 
primary reaction in which the radioelement itself is formed, it is 
usual to use the symbol hv in the latter case, while the symbol y is 
reserved for the former. The y-rays emitted along with the betas in 
the radioactive decay are in general monoenergetic and are much 
too strong in intensity to be due to conversion of the betas them¬ 
selves. Hence they are considered as coincident with the p-emission 
and as representing a transition of the final residual nucleus from an 
excited state in which it is left after the P-emission, 

In some cases, for example, *Li 8 , *B 12 , *N 16 , *F 20 , the (3-emis¬ 
sion leads practically always to an excited state of the residual nuc¬ 
leus. This will result when the ^-transition to the ground 
highly forbidden. In other cases, for example, ♦Cl 38 , *A & » 
*Mn 56 and *As 78 , the (3-decay leads sometimes to the ground sta e 
and sometimes to an excited state. There are also instances where 


the p-transition takes place to several alternative excited states e.g^ 
*Na 2< . In the first process where the transition is limited^ to a sing e 
excited state, the y-ray energy is additive to the p -maximum, 
experimental^ a simple $-ray distribution would be observed an 
number of y-quanta would be equal to the number of radios 
electrons. In the other two transformations a complex p-spearu 
consisting of several “groups/’ analogous to the heavy pa 
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groups in ordinary nuclear reactions, would bo observed. The resi¬ 
dual nucleus left in excited states will, in its turn, go down through 
other excited states jO the ground state with emission of more y-rays 

which will, in consequence, increase the complexity of the phenome¬ 
non. 

The transformation of radioactive Na 2i affords an instructive ex¬ 
ample of the complex process stated above. According to Kruger 
and Ogle (1945) who have studied this case very carefu ly, p-rays 
emitted fall into three groups of energies, 1*84, 1*63 and 1*07 MeV 
corresponding to three alternative levels in which the final Mg 24 
nucleus may be formed. There are also at least seven different y-rays 
omitted by the Mg 24 nucleus, as indicated by the analysis of pair 
[ rticlcs generated in a cloud chamber by the y-rays. Their mea¬ 
sured energies are 2-56, 276, 3*24, 2*68, 2 89, 1*26‘and 1*38 MeV. 

These facts argue to the existence of at least five excited levels above 
the ground state in the Mg 24 nucleus. 

(3) Two interesting types of decay of artificial radioacti¬ 
vity. Disintegrations of the artificially produced radioelements are 
known to occur also by processes other than the simple ejection of 

processes, which are of special 

interest, are known as K electron capture and nuclear isomerism 


K ELECTRON CAPTURE 

According to the theory of (3-disintegration, a proton by emit¬ 
ting a positron becomes a neutron. But a proton might as well trans¬ 
form itself into a neutron by absorbing an electron. This cannot hap¬ 
pen, however, in stable nuclei of low energies, since the mass of the 
electron (0*00055 m.u.) is insufficient to supply the increase of mass in 
the formation of the neutron, w hich is equal to 1*00893 — 1*00813 
= 0 00080 m.u. This explains also why under normal conditions 
nuclei containing protons exist without any spontaneous absorption 
ot the peripheral electrons. In an excited nucleus, on the other hand, 
where, an additional store of energy is available, there is a possibility 

ot a proton turning into a neutron by absorbing an electron, instead 
ol emitting a positron. 


In 1935, Yukawa, from more rigorous theoretical considera¬ 
tions, put forward the hypothesis that in a positron emitting nucleus 
there exists a certain probability of its decay by capturing an elec¬ 
tron. Since its own K electrons are the most readily available, it 
seems reasonable that the nucleus might absorb one of these, thereby 
eading to disintegration by K electron capture . 

When an atom decays by K electron capture, the vacancy 
created in the K shell will soon be filled by one of the outer orbital 
electrons, giving rise to a characteristic X-ray line of the K-series. 
H Urt J* er » as the nucleus has actually changed by the absorption of 
he K electron, before the X-ray is emitted, the X-ray will be 
characteristic of the product atom and not of the original atom It 
62 
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was observation of such characteristic X-rays by Alvarez, in 1937, 
that gave the first evidence of this type of disintegration. 

A good number of the artificially radioactive nuclei were sopn 
found to disintegrate in thi# way, decreasing their atomic number y 
one unit just as they would have by emission of a positron. The case 
of vanadium ( 23 V 49 ) disintegrating into titanium ^Ti 49 ) offers a 
straightforward example of the K electron capture process, since 
Walke, Williams, and Evans who very carefully studied this reaction 
(1939) found that no radiations of any other kind, except the charac¬ 
teristic X-rays, were emitted to complicate interpretation of data. 
When titanium was bombarded with deuterons, radioactive vana- 
‘dium was presumably formed according to the reaction : 

22 Ti 49 + J)* —► * 23 V 49 + o^ 1 

since the active product could be identified as an isotope of vana 
dium of mass 49 by chemical separation methods. But it emitt n 
electrons, positrons or y*rays but only X-ra 3 r s which were f° u ® 
be the K* radiation of titanium. The intensity of these X-rays dimi¬ 
nished exponentially with time and at the end^ of 600 kours 
intensity was reduced to half its initial value, which showe a 
period of the activity was equal to 600 hours. The only 

that could be drawn from these data was that vanadium ( _ 

captured one of its K electrons and became titanium (6 — ) 

according to the equation : 

* 23 V 49 + e- —^ 22 Ti 49 (T = 600 hrs.) 

Titanium thus formed had one electron missing from the K-s e , 
which caused the subsequent emission of X-rays c arac 
titanium. The fact that no radiation other than X-rays was em ^ 
proved (i) that 23 V 49 changed into 22 Ti 49 by no other proc ss ^ would 
capture of an electron and (ti) that the product, nucleus 92 

be left in the ground state. . 

It is to be noted that the case of 23 V 49 illustrating the pro*ce 

in a clear-cut manner due to the absence of all other n 

cept the characteristic X-raj s of 2 2 Ti 49 is rather an 6 nositrons 
general rule being that! radiations such as Y-rays and positr 

accompany the process. , 

Many cases of disintegration by K electron capture art » 

emit y-rays, which is bound to complicate pro duct atom 

lear y-rays also give rise to characteristic X-r y , ^ enon One 

through the intermediary of internal . c ® n 7 e 5 S1 ?^ these X-rays and 
must, therefore, be careful to distinguish 

those which are considered to give « vlden f ce rts ° f an ^ observing coinci- 
This is ordinarily achieved by using counters a ^ , bombard- 

dences. Examples of such analysis are . 4 _ electron capture 

ing 3 Li* 4 Q h , doufceron ® dis j nt a e ^ a e v 3 ‘ofenergy 0 485 MeV ; 
of period 43 days, emitting a y-r&y ot energj K e ] ectr on 

produced by bombarding iron with deuterons, y G f 

capture of period 500 days to form 24 Cr * 4 accompanied by a y j 
0*836 MeV. 
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... There are also several cases inwhich the disintegration takes vlace 

ZZ are P TeZ/T,i° n " * f. e ' eC '™ 30 that both the pZ 

Sr :; c d uS va, wh f r d th n in about 3o% ° f the sss 

»h„ .t,«„ f 0 i n< i j.t i “ th “‘‘„ p " 0 , f ^:;-rr ion 

mod* of d r y „ by “fTp^vtlo s; p z$ m zn 

of foJZf by h K el t‘ r r °*Ioraiasion 

trons j?u UP °u the ° n0T Zy ava ilable, the density of the dec 
ons and the spin change associated with the positron emission. 

the nucleus^res 1 , Us^the ohZ ““T the ca P fcure o£ an electron by 

cT, t™ d by ‘o^To' 

observing tVi 6 an ^*i ftr mornen ^ um of the nucleus. Allen in 1942 
capture to tanLi' fnn’ff'M a n “ len8 involved in its decay by K 

with Z to,„ “ttol vSe of ™ «v *J°. U n* 4 l eV i" e°°. d ngtwment 

for the existence of tho f J and thus obtained an indirect proof 
no existence of the neutrirfo, as already stated (c/. p p. 859-60) 

NUCLEAR ISOMERISM 

ments^oie ^IndThlZZ ^\^ se , veraI cases of the artificial radioele- 
the same atomic number the same mass-number A and 

otherwise °J nU ° lei ^ hich are 

Pounds, Yn which T ^° merS> fr ^ uentl y found ™ organic com- 

and ph^hca?propert!e^ rrailgeirienfcS ^ riSe t0 d ^ erent c hemTS 

«ist among rtfe 8 natural radio?^’ to , sugge8t tha t such isomers might 
1921, to establish ?xneH^ rn ?u elements * and Hahn "’as able in 

*»t. In’]recent *<r i tag 

jscovered among the art 1 ’ j Seve ^ a ls omeric pairs have been 

Phenomenon is of special interest' nUC ! ei ' . The 8 . tud y of this 
> the existence of low luinn mat, t hi ° , nuc o ar physics, as it argues to 
of the experimentafst ^^ State . S xn . nuclei - A brief summary 

isomerism will now be giv^n theoretlcal interpretation of nuclear 

®entaUy P T"“^* d s ‘“ d y* Nnolear isomerism has been experi- 
'^tification of isomeric cJZ tS! ^T g threo wa y s > ««•. (0 a first 
Cka ^sm of isomers and («,* Zp^atcZlf^lT" ° f ** 


) 
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cases are isomeric or not. This is done by a simple “cross-checking” 
with different types of nuclear reactions, in which the element in 
question and its immediate neighbours are implicated, along with the 
knowledge of the masses and relative abundances of the correspond¬ 
ing stable isotopes. It must be emphasised that the simultaneous 
existence of two decay periods is, by itself, no sufficient criterion for 
the identification of isomers, but that “cross-checking** must neces¬ 
sarily be used to arrive at a safe conclusion. Let us illustrate by 
the isomerism of 35 Br 80 , which was the first case to be discovered 
among artificial radioelements. 

The isomers of Br 80 . There are only two known stable iso¬ 
topes of bromine of mass numbers 79 and 81 and relative abundances 
50*7% and 49-3% respectively. When bromine is bombarded by 
slow neutrons , radioactive elements are formed which disintegrate by 
the emission of electrons with three different periods, 18 mins., 
4*2 hrs. and 36 hrs. Chemical tests show that the radioactive pro¬ 
ducts are isotopes of bromine. Hence the reaction must be a simple 
capture (», y) process , represented by 


35 Br 79 + 


Br 80 


and 


+ 


* 3R Br 80 + hv 
36 Kr 80 + e" 

* 35 Br 82 + fcv 
36 Kr 82 + e~ 


for mass 79 
for mass 81. 


*3 5 Br ® 2 -> 3 eKr 82 + e j 

Br 80 and Br 82 are therefore the only two radioactive isotopes 
responsible for the three observed periods, so that to one of theae 
must be attributed a double period. 

When bromine is bombarded with y -rays of very high energy 
(17 MeV), radioactive elements . chemically identified as isotopes o 
bromine are formed, which decay emitting p-rays, again with t ree 
different periods, 6*3 mins.,18 mins., and 4*2 hrs. The reac ion 
evidently a photonuclear (y, n) effect represented by 

35 Br 79 + Av- > *35® r78 + o nl i f or mass 79 

* _Br 78 -► 3 4 Se 78 + e+ ) 


and 


35 Br 79 -f 
* 35 Br 78 

asBr 81 + Av 

*<, s Br 80 


SsBr 80 + o " 1 
36 Kr 80 + e- 


for mass 81 


Here also there are only two radioactive isotopes fo* +^0 

formed, of masses 78 and 80, which are, however, responsible tor . 
three observed periods, so that again to one of these mus 
buted a double period. 

Cross-checking these two different reactions, it is seen that° h 
the observed periods, viz. , 18 mins, and 4-2 hrs. are common to.^ h 
which must therefore lx* assigned to that radioaoti e P m i, er 
also common to both reactions and lienee to bromineo . two 

80.- Thus fir 80 consists of isomeric nuclei emitting ele J g ^ 

different periods. The remaining two of the observedperi , - • 

mhis., and 36 hrs., must be attributed to Br«, ^‘TvXce^’^ 
Br 82 , an electron emitter, respect!vely. Confirmatory 
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from the fact that the isomoric pair oii Br®° can be produced by bom¬ 
barding bromine with deuterons and fast neutrons, as was shown by 

Snell (1937) or by proton bombardment of selenium, analysed by Du 
Bridge and others (1938). 

Study of Internal mechanism of isomers. Attention has 
been directed towards two joints chiefly : (a) In the cases where the 
isomers are formed by the “capture” process, nature of the cap- 
ture level or levels responsible for the phenomenon is investigated. 
This is usually done either by measuring the “branching ratio” of the 
two isomeric activities produced under varying conditions of activa- 
tion or by determining the resonance energies involved in the process 
by the “boron absorption” method. Thus Amaldi and Fermi by the 
“branching ratio” experiments (1936) and Von Halben by the “boron 
absorption” experiments (1937) were able to demonstrate a single 

case of rhodium (Rh 10 *) which exists in two iso- 
meno forms of periods 45 secs, and 4*3 mins. 

(b) In the second place, the possible relations that could exist 
between the two isomers of a radioactive isojbpe are analysed by 
measuring ohe maximum energy limits of the two isomeric activities 
ana constructing, energy level diagrams ithat would represent the 
i ? * 8 disintegration. This second method of investigation has 
iea to more positive results than the first. It is found that some 
\somer%c pairs have more or less the same maximum energy (e.u^Br 80 : — 

2MeV and 4-2 hrs., 2 05 MeV ; Rh l » 4 : —45 sec., 274 MeV 
_ . mms -» 2-76 MeV) while others different energies ( e.g .. Ae 108 : — 

anH 19 MeV and 8-2 da y 8 > 13 MeV ; I“ u ® 13 secs., 31 MeV 

and 54 mins., 1-4 MeV). 

s fi. q a , Pation of isomers has been achieved in several cases us- 
g tne bzilard and Chalmer method, described on pages 889-90. The 

this i? marily emitted along with the ^-activities is utilised for 

ver*ift Urp ? Se ' Y- r ays may be internally converted and the con- 

tho 6 . e °t ro , n9 thus produced may have enough energy to break 

emioo^ emiCa ^ on< ^- O r > if the y-rays have a high energy, their 

bA iinffi ^ acc dmpanied by the recoil of the nucleus, which may 
be sufficient to liberate the atom from the compound. 

senapftf .l 939 ’ S ®8 r6 and bis associates have thus been able to 
assnftiof u two isomers °f bromine. Likewise, Seaborg and his 
telluri,,™ m oJ®, £ hemical,J ' se P ara ted the three isomeric pairs of 
indicate, t wu’ l?!)’ The results are of great importance as they 
thouvh ^ that tlle isomers can considered as different atoms, 

proDArfio! 386 ®! 8 ^^® same raass and fche same chemical and physical 
bne mvw an< ^ * somer i° pairs may he genetically related, 

ber IfT ng .°u Ut ? f the ^ber, since it has been found that in a numl 
€,o in xif 8 short period isomers grow from the long period ones, 
the 4*2 ° aS ^ bromine the 18 mins, period isomer grows from 
^*3 mins o P en °d isomer ; in rhodium the 45 secs, isomer from the 

Results. At ieast seventeen pairs of isomers have so far been 
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detected. Some of them disintegrate by positron emission , while the 
majority by the ejection of electrons. For example, scandium ^iSc* 4 ) 
having a positron activity of maximum energy of. 1*33 MeV has two 
isomers of periods 3 92 hrs. and 2*44 days ; silver ( 47 Ag 106 ) has two 
isomeric forms, one disintegrating with the emission of positrons of 
period 24*5 minutes, while the other by K electron capture with a 
period of 8*2 days ; manganese ( 25 Mn 6a ) likewise has two isomers, one 
with positron activity of 21 mins., and the other either positron 
emission pr K electron capture of 6*5 days. On the other hand, with 
?7 Co*°, 30 Zn«», 35 Br*°, 4S Rh““ 6 *Te’^, i29 f m and UX 3 — UZ, both the 
isomers decay with the emission of electrons. 


Theoretical interpretation, Wiezsacker (1936) has proposed 
a very satisfactory theory of nuclear isomerism based on the exis¬ 
tence of low excited states whose angular momentum (t.e,, nuclear spin) 
is considerable , differing by several units from that of the ground 
state. Such low energy excited states with great spin would be 
metastable and the nucleus may remain in this state for a sufficient 
length of time for it to be observed as a different nucleus. 


As a general^ rule, a nucleus formed and left excited in any 
transformation emits y- radiations until it arrives at its ground state 
and the time required for this is very short, of the order of 10 12 sec. 
But if there exist selection rules that make the radiative transition 
from a certain (in general, the first) excited state much less probable 
than in normal cases, then that excited state becomes metastable, 
which would have its own decay period and may decay in the follow¬ 


ing different ways :— 

(a) The metastable state may go over to the ground state with the 

emission of y-radiation whereupon the ground state will decay f ur _, r 

with Q-emission [Fig. 

® i 


fSltveOeZ- 




j3 \a 


(a") 


NamcMa. 


Fig. 300. Energy level scheme for isomeric nuclei : 
(a) isomers genetically related ; (t) isomers not 
genetically related ; tn = metastable state and 
g = ground state of the isomeric nuclei. 


300 (a)]. The period 
of the activity due to 
the metastable state 
is then determined by 
the probability of the 
delayed y-transition, 
and can be observed 
as a separate period 
only if it * is longer 
than the natural 
p* period of the 

ground state. In 

such a case, the en¬ 
ergy spectrum of the 
p-rays is oxpected to 
be the same for the 
two isomeric periods 


and the isomers are 

genetically related, one form growing out of the other. Further as 
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regards the y-transition from the metastable to the ground state, it 
can be shown that when the spin difference between the two states is 
large and the energy difference small, the probability of y-absorption 
by the peripheral electrons of the disintegrating atom itself (internal 
conversion) becomes very great, which, in consequence, would affect 
the transition in the following two ways : ( i ) the life-time of the 
higher isomer against transition to the lower state is considerably re¬ 
duced compared to the long life-time of a year or more against direct 
y-radiation ; (u) the transition will usually be accomjsfonied not by 
y-radiation but by the emission of a conversion electron 

All these theoretical conclusions are amply verified in the case 
oi several nuclear isomers such as Sc 44 , Co 60 , Zn 69 , Br 80 , RH 104 , Te 117 , 
Te 129 , i X 2 —UZ. In all of them, maximum energies of the two 
isomers are nearly the same. The higher metastable isomer has a 
longer period than the lower one, though it is limited from minutes 
to days, instead of being long, a year or more. The energy of the 
Y-rays, as estimated from the observed conversion electrons is low. 
The two isomers are also genetically related. 

Considering, for instance, the concrete case of Rh 104 , the 
upper energy limit is the same for the two observed periods, about 
2*75 MeV. If the 4*3 mins, is referred to the transition of the meta- 
stablo state to the ground state with y-emission, the decay of the 
rnetastable state will have a proper period, experimentally observable 
since it is greater than 45 secs, period of the ground state. The 
comparatively short and measurable life-time of the y-transition veri¬ 
fies, in its turn, the very important condition of the theoretical ex¬ 
planation, viz., the considerable spin difference involved^ bet ween.the 
rnetastable and ground states. The low y-ray energy of about 80 KeV, 
as measured by means of conversion electrons or 30 to 60 KeV 
accompanying the 4*3 mins , satisfies the other theoretical prediction 
of small difference of energy between the two isomeric states. The 
45 sec. P-emitter grows out of the 4*3 mins, y-transition and hence 
they are genetically related. Because of the sufficiently large diffe¬ 
rence between the periods of the two isomers it is possible to make a 
separation of the two-isomers and show that the excited rnetastable 
state decays with 4*3 mins, period, while the ground state itself 
decays with a period of 45 secs. The chemical separation of the two 
isomers, in its turn, indicates that the two can be considered as 
different nuclei of a special type. 


(6) The rnetastable state may emit a fi-particle directly , [Fig. 300 
(&)]. This will happen if the probability of y-emission is smaller than 
that of P-emission for the given rnetastable state. Ordinarily the 
p-emission whose decay period is several seconds or more cannot com¬ 
pete with the extremely short-timed normal y-emission, so that 
p-particles cannot, in general, be emitted from excited states of 
nuclei. But in certain cases, on account of the special nature of the 
excited state, viz?, its very low energy with considerable spin, may 
cause selection rules to intervene and render the quick y-process less 
probable and the slower P-process more probable so that the excited 
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state is effectively destroyed not by the former but by the latter. 
The life-time of the metastable state in such cases may be longer or shorter 
than that of the ground state. The metastable and the ground states 
undergo independent radioactive transitions to the final nucleus, thus 
accounting for the existence of isorners which are not genetically related . 
Further, the upper beta energy limit will not be the same for the two iso¬ 
meric periods. The transitions from the metastable and the ground 
states will, in general, lead to different states of the final nucleus, 
because the angular momenta are very different. Thus the two in¬ 
dependent transitions may be followed by y-rays from the residual 
*nucleus. 


These theoretical predictions appear, to be experimentally veri¬ 
fied in the case of the isomers of Ag 106 , Sr 89 , Mn 62 , etc., which have 
very different upper energy limits for the two periods : e.g.j the posi¬ 
tron emission of Ag 106 with T~24*5 mins, has a maximum energy of 
1*9 MeV, while the disintegration by K electron capture with T = 8*2 
days has the upper energy limit of 1*3 MeV. There is also evidence 
of emission of y-rays of energy 1 MeV. 


Theoretical considerations further show that sufficiently meta- 
stable states willy in general not exist for light nuclei y firstly because of 
the small density of levels for such nuclei and secondly because of 
the relatively small angular momenta. For heavy nuclei, on the con¬ 
trary, one may expect metastable states as a pretty common feature. 

Metastable states are not to be restricted to radioactive nuclei alone , 
they will exist also in stable nuclei . But they are detected with great 
difficulty, since the transition to the ground state will be accompani¬ 
ed by emission of very soft y-rays only. There 'is a chance (very 
small) that some stable nucleus may possess a metastable state with 
a life-time of the order of 10 10 years. Such a nucleus might then 
appear under normal conditions in two modifications distinguishable 
by their spins, which would, in consequence, argue to isomerism in 

stable, nuclei. 


Importance of induced radioactivity* The study of t © 
artificially produced radioelements is of very great theoretical impor¬ 
tance , since it gives new arguments in' favour of the neutron-pro on 
constitution of the nucleus. The p ^ n transformations alone are 
able to explain adequately the special features of the phenomenon 
such as electron emission, positron emission and decay by K elec ron 
captoure. The isomeric property of several of the induced radioac iv 
elements reveals, in its turn, the existence of low-lying metasta 
excited levels in nuclei, chiefly in the heavy ones. 

The importance of induced radioactivity is still greater in its 
many practical applications. In the field of pure nuclear researc > 
its provides a very sensitive method for the study of the P r °® esS ^?./; 
nuclear disintegrations. Instruments for the detection of the a _ 
cially provoked activity can be made compact and extremely scns * 
and can be isolated from the source of the particles used for pro 
ing the original disintegration. Observation of such an actxvi y 
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just a complete proof of the validity of the primary reaction as the 
observation of the product particles, and sometimes, more definite in 
interpretation, especially if supplemented by chemica separations. 

In other applied branches of science, such as medicine and 

biology, the importance of artificially produced radioelements seems 

not only to be definitely assured but also to be ever on the increase. 

Their use as “tracers** has already been mentioned (Cf. p. 308). The 

potential value of radioactive isotopes of elements which are important 

in physiological processes, such as phosphorus, sodium , iron , calcium 

and iodine , is quite apparent , By choosing a radioactive isotope of a 

material which the body localises in some definite place, it is possible 

to apply the desired treatment in that part of the body needing it. 

For example, it is known that a good part of the iodine taken inter- 

na ny goes to the thyroid gland. Hence for a beneficial treatment of 

this gland, a radioactive isotope of iodine can be administered, which 

will for the greater part get localised in the thyroid and thus produce 

the desired cure without affecting the other parts of the body. In 

general, the same radioactive isotope serves both the purposes of 

medical discipline, viz., diagnosis and treatment, being used in small 

quantities as ‘tracers’ ’or diagnosis and in larger doses for treatment. 

Evidently right choice of isotopes, as regards life, nature of radiation, 

a, p or y-rays, etc. is important in the matter of treatment. For 

example, radio phosphorus (P 32 ), period = 14 3 days, ^-emitter is 

ound good for surface applications (skin diseases) ; radiocobalt (Co 60 ), 

period = 5*3 year, y-emitter, has been utilised in the treatment of 

e fP ca Rcers, in which it is implanted in the form of needles ; radio - 

poiofAu 198 ), period = 3 days, y-emitter, is fired right into the cancer 

in the form of small bullets from a ‘gun’ ; these bullets can be allowed 

o remain permanently in the system, since gold, after it has lost its 

fk IVI |T* * ner ^ and harmless to the body tissues. It may be noted 

v oarly hopes that these radio-isotopes would prove the ‘magic 

u efts in the fight of all forms of cancer have not been realised ; but 

in some special forms of cancer they have given relief and even com¬ 
plete cure. 

* RodiocQ'rbon is another interesting radioactive isotope, which is 
reaction ^ slow neutron bombardment of nitrogen according to the 


7 N“ + 0 »i-► * 6 C“ + 


The radioactive carbon decays by emitting an electron, 

-> 7 N 14 + e- 


* * * 


(1) 

( 2 ) 


i n * P°fw>d of about 5,700 years. It has many uses as a “tracer” 
duef-q 0 research (Cf. below) and for studies of petroleum pro- 

uatura r organic chemicals where radiocarbon is substituted for 

datinn ' C *tik ° j* an important application known as radiocarbon 

tim«fl Ik? 6 determi nation of archaeological and short geological 

earbon ar ? of the ord . er of magnitude of the mean life of radio- 
thermal ^ 03mic rays contain an appreciable amount of secondary 
neutrons, which on reacting with atmospheric nitrogen pro- 
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iuce radiocarbon by reaction (1). The production of 6 C 14 and its 
subsequent decay are in equilibrium in the earth’s atmosphere. 
Hence 6 C 14 is present in equilibrium concentration in all living 
plants. The carbon is absorbed in the form of CO.^, so that dead 
plants that no longer take in C0 2 from the atmosphere lose their 
C 34 by radioactive decay. Consequently, the ages of pieces of wood, 
grain, peat, charcoal, etc. can be pretty accurately determined by 
measuring the C 14 they contain relative to the equilibrium amount 
present in living plants. The method assumes that the average 
cosmic ray intensity has remained constant for at least 20,000 years 
and that atmospheric mixing is rapid compared to the life-time of 
C 14 , The archaeologist has only to find some wooden object in the 
excavations of an ancient settlement and determine its radiocarbon 
content. Then by a simple calculation he is able to estimate the 
time of the death of the plant and hence the time of existence of the 
ancient settlement. Libby using this method and working for a num¬ 
ber of years (1949-54) has examined many samples for their C 14 con¬ 
tent and has established dates when life ceased in the samples, which 
range from 1000 to 15,000 years. 


It may be noted that triton (H 3 ), which is also formed by tho 
fast neutrons of cosmic rays according to the reaction, 

,N 14 + -► 6 C 12 + ^H 3 — ( 3 ) 

has been used for radioactive dating. As its period is only 12*5 years, 
it is limited to estimating times of this order of magnitude. Its mos* 
important applications will probably be for meteorology and hydro¬ 
logy. For example, it is already established that the triton content 
in rain and snow increases almost proportionally to the distance from 
an ocean. This is because the air currents carrying moisture to such 
regions must travel farther and at greater heights, so that the tota 
exposure to cosmic rays is correspondingly increased. 

In biology, a number of interesting applications have been 
made : — 

(a) Metabolism and biosynthesis : -i,e. f the study of bow a Jiving 
organism uses its foodstuffs to provide itself with energy a ^, ^ re ?^ r - 
its own peculiar complex compounds from simpler ones. Schoe ^ 
mer and Bittenberg, using fatty acids containing deuterium (r 
though not radioactive) as food for animals, have proved t a 
concept of a chemically static body is wrong, by finding that tne in¬ 
jected deuterium, instead of being excreted quickly in the was e> P 
ducts of fat metabolism, remains deposited in the fat throug 
animal’s body ; hence the living body is a dynamic chemica sy 
in a constant state of flux and interaction with its environmen 


(5) Photosynthesis in plants : i.e., the chain °f ^bemica . 

tions in which green plants use the sun’s energy to ui P _ 
hydrates, proteins and fats from inert oarbon dioxide an w ^ on 
leasing oxygen in the process. Exposing plants to G HJ t l r or 

dioxide containing radiocarbon, C 14 ) in the presence 0 .u e 

different intervals of time, then separating the compounds 
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plan and checking them 'or C 4 , biochemists are able to determine 
what compounds the plant is making from carbon dioxide. After 
le 'ninute’s exposure, it is found that at least 50 compounds are 
fagged with radiocarbon and within two minutes, the carbon isotope 
*3 present in proteins and fat also 

(c) Fertilisers : Radiophosphorus has been used to study how 
plants assimilate phosphate fertilisers. 

The great merit of the artificial radioelements lies chiefly in the 
fact that they form a relatively cheap and easily controlled “ substitute 99 
for the natural radioactive materials in the treatment o diseases like 
cancer, etc. Natural radioactive substances can be had only with 
great difficulty from mineral ores in small quantities and at high 
costs, while the artificial radioelements can be produced at will and 
to any desired amount, thanks chiefly to the modern nuclear reac¬ 
tors ; there are actually 500 such radioactive isotopes available for 
use. Furthermore, among these artificial radioactive materials, there 
are many which have relatively short periods, say of the order of a 
few hours. Use of such short-lived materials eliminates the need of 
recovering them a::ter treatment to prevent an excessive dose and 
thereby allow them to be administered even internally. This has 

proved of very great importance in the .treatment of internal 
diseases. 


3. NUCLEAR FISSION 


Introduction. The continuous development of artificial dis- 
integrations for over a period of two decades and especially the study 
of induced radioactivity finally culminated in perhaps the most por- 
entous discovery of our times, the so-cal led nuclear fission which 
a owed the way of tapping enormous amount of energy from nuc- 
oar explosions. In ordinary nuclear transmutations, both natural 
and artificial, the nucleus is simply chipped off rather than broken 
ana accordingly the amount of energy set free, though far superior 
w> tfie actual sources of energy, is still small, 10 to 30 MeV. In 1938, 

b ^ vf "_* 8cov ®red that heavy unstable nuclei, such as uranium, when 
om arded with neutrons, explode more radically into two more or 

200 figments which fly apart with prodigious energy of about 

e »» Such a profound nuclear disruption has been named 

ria 831 ^ 1 a borrowed from biology, where it denotes the divi- 
u of a cell into two cells of roughly the same size. 


£ . discovery. The starting point in the discovery of nuclear 
^ sion is to be traced to the attempt of Fermi, in 1934, to produce 

baivr l8UraniC ®l emen ^ s ” °f atomic number greater than 92, by bom- 
oftAnuranium with neutrons. Since typical neutron reactions 

barflA^i ^ ormat * on a radioactive isotope of the bom- 

an a] 6 emen ^ w kich frequently emitted electrons and thus became 
T nt . ° f atomic number one unit higher than the original ele- 

uraniiit*r r /S l co ** ce * vec J hf 0 a that the heaviest known element 

\£a «=s 92) bombarded by neutrons might follow the same 
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process and thereby give rise to transuranic elements. Putting this 
surmise to experimental test, he and his associates found four new 
radioactivities emitting (3-rays with periods 10 secs., 40 secs., 13 
mins, and 90 mins. Since uranium is an a-emitter with a long period, 
these P-activities indicated that some new process was taking place. 
Further, since each successive p-disintegration would increase the 
atomic number by one, it was naturally assumed that the observed 
four different periods might have originated from a succession of 
p-disintegrations of elements having atomic number higher than 92, 
Hence, the observed phenomenon was interpreted as the formation of 
transuranic elements, chiefly, as no one could suspect at the time 
that the new substances formed in the reaction could differ greatly in 
atomic number from uranium. 

Several chemical tests were next applied to substantiate this 
conjecture. Two of the ‘ ‘activities”, which could be chemically sepa¬ 
rated from uranium were found to be neither the isotopes of uranium 
nor those of any known elements in the range of atomic numbers 86 
to 92. On the other hand, the element 93, if it was formed, should 
have chemical properties similar to manganese, its homologue. On 
making a chemical separation of manganese from the bombarded 
uranium, the precipitate of Mn0 2 showed p-activity. Similarly, sepa¬ 
rations from the irradiated uranium of iron, rhodium and palladium 
which would be the chemical homologues of elements of atomic num¬ 
bers 94, 95 and 96 respectively, were all found radioactive. Thus the 
conclusion of Fermi that hitherto unknown transuranic elements were 
being formed in the process seemed to be established. 

During the years 1936 to 1938, the experiments of Fermi were 
repeated in other laboratories, particularly in Germany by Hahn, 
Meitner and Strassmann and in France by Curie-Joliot and Savitch. 
Although Fermi's results were confirmed and extended, it became 
necessary to assume that the supposed "transuranic” elements in de¬ 
caying, gave rise to other radioactive elements, which would be iso¬ 
meric with other heavy atoms. Further, the number of different 
substances reported became so numerous that it was difficult to fit 
them into any plausible scheme. It must be said that chemical tests 
in this region of the periodic table was extremely difficult as the ele¬ 
ments wore new and could be obtained only in very small quantities. 

The French scientists in one of their chemical separation tests 
found an "activity” of 3*5 hrs. period, which could be precipitated 
by lanthanum (Z = 57). This result might well have been the key 
to the right solution of the complicated phenomena observed, 
by allowing Curie and Savitch to be the discoverers of fission , u 
they missed their chance by sticking to the then commonly accep 
view that reactions of the type analysed could not give r * s ®^?^ ir 
ments of such low atomic number as lanthanum, although y 
fully realised the difficulty of finding a place for an element havmg 
chemical properties similar to lanthanum among the transura 
elements. 
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It was left to the German scientists, Hahn and Strassmaun, to 
clarify the issue in the following maimer. In the course of their in¬ 
vestigations, they discovered in uranium bombarded with neutrons, 
a radioactivity of 8*6 mins, period, which could be precipitated by 
barium (Z*= 66). They also at first thought, in consonance with 
the opinion then prevalent, that the observed activity might be a new 
form of radium, since the chemistry of radium is very much like 
barium. But radium (Z = 88; could only be formed from uranium 
by the emission of two a-particles and such a process had never been 
known to follow neutron capture. Moreover, on further careful tests, 
such as fractional precipitations and crystallisations of the kind 
used for separating radium from barium, they found that the acti¬ 
vity definitely followed barium, not radium. Hence they proposed, 
not without hesitation, however, 1 because oi the strange results, a 
radically new hypothesis that uranium nucleus after capturing a neu¬ 
tron mighty instead of being chipped off by a small fragment as had al¬ 
ways been observed previously in all particle disintegrations , break up 
into two large fragments, each of the size of a moderately heavy atom. 
They justified their opinion by showing that among the radioactivi¬ 
ties observed was also one with a period the same as that of a known 
isotope of krypton (Z = 36). On combining the atomic numbers of 
barium and krypton, (56 + 36) the number 92 could be obtained, 
which was the atomic number of uranium, so that the process might- 
well be represented by 


92 U 238 + o" 1 -► s«Ba + 36 Kr + 0 »* 

Hence, they concluded that the ^-activities previously ascribed to 
transuranic elements were probably produced by radioactive isotopes 
of elements of lower atomic number, as barium and krypton. In 
this way, for instance, the activity found in lanthanum (Z = 57) 
by the French scientists could be formed by p-decay of barium 
(Z = 56). Thus a new type of disintegration, in which a heavy 
nucleus splits into two other nuclei of comparable size, hence called 
“nuclear fission’* was discovered. 


As soon as these results were announced early in 1939, physi¬ 
cists in other laboratories immediately repeated and confirmed these 
experiments. In the light of the “fission” idea all the facts, which 
were found disconnected and difficult of synthesis, could be readily 
coordinated. Many of the fission products could bo identified with 
substances of much lower atomic number than uranium, already 
known in the study of artificial radioactivity. Thorium (Th) and 
protoactinium (Pa) were also shown to undergo fission when bombar¬ 
ded with neutrons. Thus the newly discovered process of nuclear 
fission was definitely established though a theoretical justification 
was deemed necessary for its formal and final acceptance. But a 
satisfactory explanation was proposed, almost immediately after the 
discovery, by Meitner and Frisch, who were also the first to suggest 
the name of “fission** for the phenomenon. 
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Theoretical interpretation. The problem concerning “nuc¬ 
lear fission” ma 3 ’ bo stated as follows. How can the fairly moderate 

. activation of a nucleus resulting from the 

capture of a neutron lead to such a cata- 
clysmic disruption ? Why does it occur 
a only in a few heavy elements such as 

jt' 3 &» U, Th and Pa ? The answer to these 

j/ rfy vf questions was first given by Meitner and 

A y Frisch on the basis of the liquid drop 

K model of the nucleus, Bohr and Wheeler 

flSHdeveloped it further with definite and 

quantitative results that could be checked 
and verified. A nucleus is analogous to 

Prof. O. R. Frisch a dr0 P of liquid in many ways, such as 

the close packing of particles, constant 
density, short-range forces, etc. The resultant effect of these nuclear 
characteristics is to endow the nucleus with a property analogous to 
the surface tension of liquids. Considering a liquid drop, we readily 
see that the dissipative forces acting between the constituent mole¬ 
cules are counteracted by the surface tension forces. Further, any 
liquid drop, not subject to outside forces, tends to assume a spherical 


Prof. O. R. Frisch 


shape under the influence of surface tension, since a sphere presents 
the smallest surface for any given volume. Very large drops are im¬ 
possible, because the surface tension forces are feeble and there is a 
maximum size of the drop which cannot exist permanently. As this 
size is approached the drop becomes less and less stable, gets deform¬ 
ed. At this stage, it begins to execute the so-called surface tension 
oscillations with the slightest provocation from outside, which lead 
to the disruption of the drop into two or more smaller droplets. 

In atomic nuclei, the short range attractive forces, keeping the 
constituent particles, viz., the charged protons and the uncharged 
neutrons, stay together in a stable state, play the role of surface 
tension, while the electrostatic repulsive forces between the protons 
that of disruptive forces tending to destroy the stability. If the 
surface tension forces prevail, the nucleus will never break up by 
itself, and two nuclei coming into contact with each other, will have 
a tendency to fuse just as two ordinary liquid droplets do. If, on 
the contrary, the electric forces of repulsion have the upper hand, 
the nucleus will show a tendency to break spontaneously into two 
or more parts, which will fly apart at high speed ; this is the pheno¬ 


menon of fission. . , , * 

Calculations made by Bohr and Wheeler concerning the balanc_ 

between the surface tension and electrostatic forces in the nuc ei o 

different elements led to the very important conclusion that while 

the surface tension forces predominate in the nuclei of all 

in the first half of the periodic table (approximately up to mass I W), 

the electrostatic repulsive forces prevail for all heavier nuclei. . 

all nuclei of mass greater than 110 are potentially unstable, and under 

the action of a sufficiently strong disturbance from outside woum 

break up into two or more parts with th© liberation of a consi 
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amount o internal nuclear energy, On the other hand, a spon ta¬ 
neous fusion process should take place whenever two light nuclei, 
whose total mass is less than 110, come close together, ft is to be 
remarked, however, that neither the fusion of two light nuclei, nor 
the fission of a heavy nucleus would normally take place, unless by 
some means the light nuclei are brought c ose together against the 
repulsive forces acting between their charges, or the heavy nucleus 
is made to vibrate with a sufficiently large amplitude. Thus the 
reason why fission can take place only with heavy nuclei under pro¬ 
per initial excitation is obtained. 


Considering now heavy nuclei of mass greater than 110, which 
are therefore potentially unstable, and starting from a spherical 
shape for the nucleus, with increasing charge and size of the nucleus, 
actual stability conditions would require an increasing deformation 
from the spherical shape, since the electrostatic repulsive force is on 
the increase, and for a given volume the spherical shape is the most 
unstable if only the electrostatic forces were important. The nucleus 
would therefore become “flattened” in order to be stable. Bey on- 
a certain stage, presumably for a value of nuclear charge [Zj close to 
100, the deformation would be so far advanced as to split the 
nucleus into two. Now since the nuclei o uranium, thorium and 
protoactinium having values for in the whereabouts of 90 lie close 
to the limit of complete deformation, it appears reasonable that they 
should have only a narrow margin of stability against change of 
shape and hence be easily excited upon receiving a moderate energy 

of excitation to oscillations like those produced in a liquid drop by 

surface tension, which lead to their “rupture” into two ligliter 
nuclei. Thus the fact why fission takes place with only a few of the 
heaviest elements is explained. 

Bohr and Wheeler, by applying Bohr’s theory of nuclear pro¬ 
cesses to the phenomenon of fission, were able to obtain a quantita¬ 
tive relation between the critical deformation leading to fission and 
he energy required to reach it. According to the general theory 
nuclear fission takes place in two steps ; (i) the formation of the 
intermedmte compound nucleus, in which the energy is temporarily 
istnbuted among all the nuclear particles in a manner similar to 
of thermal agitation of a liquid and (n) the transformation of a 
mcient portion of this energy into potential energy of deformation 
_ the compound nucleus which will lead to its fission. On the 
maiogy of the liquid drop, the compound nucleus becomes ‘very 
til ?j lta 03C iHations result in conditions which in a very ^hort 

tnne lead to its violent breaking up into two parts. 

cantuHn 6 possibi i ifc y of J the occurrence of fission by a heavy nucleus 
therfiff g a I ? eutron depends, therefore, on threshold energy ie 

tion erf thH nCe between , th ® critical energies of such unstable deforma- 
u: j. * be nucl oua and the excitation energy, which is given bv the 

Suan?iL ener i y ° f the addBd noutron ‘ Making estinfates of these 

235 234° a i e °j fche tbree i8Ot °P 08 of uranium of masses 238 
6. (relative abundances 08-28%, 0-71%, 0 006%) they showed 
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that the rare isotope 235 was responsible for the fission produced by 
slow neutrons, since the binding energy of a neutron is much larger 
in nuclei of even mass than of odd mass, so that U 236 will be excited 
to a higher degree than U 239 , which means that the threshold energy 
is much lower for U 236 than for U 239 and in consequence the former 
will break up even under the influence of a slow neutron. This 
theoretical prediction was completely confirmed by the experiment 
conducted by Nier, Booth, Dunning and Grosse who, by extracting 
a small amount of U 235 by means of a mass spectrometer, showed 
that a large number of fissions occurred when it was bombarded with 
slow neutrons, while practically no fission with U 238 was observed. 
It was further shown that U 238 could also undergo fission but only 
when bombarded by high energy neutrous. 

Research on nuclear fission. Within the next few years 

after the discovery, the essential features of the 6 ‘fission’* process 
were analysed methodically by different workers and placed in clear 
evidence. A summary of these investigations will now be given. 

(1) Means of inducing fission. In general, it may be said 
that any element with Z > 90 can succumb to fission under bombard¬ 
ment with proper energy. The first cases of fission in U , Th and Pfi 
were produced with neutrons . The number of fissions produced in 
uranium was found to vary markedly with the speed of the incident 
neutrons. With natural uranium, fission can be produced with fast 
neutrons of energy 1 MeV and more or by thermal neutrons, but not 
by neutrons of intermediate speed. The fission cross-section for fast 

neutrons is about 01 x 10 -24 cm. 2 , while for thermal neutrons about 

2 x 10~ 24 cm. 2 . This selectivity is evidently due to the fact that the 
two isotopes of uranium of masses 235 and 238 undergo fission under 
different conditions. The lighter isotope, whose relative abundance 
is only 1/140 of the total, undergoes fission with thermal neutrons 
with a large cross-section of 400 x 10 “ 24 > while to produce fission 
in the heavier isotope forming the greater portion, the neutron nrus 
have an energy of about 1*5 MeV (Nier and Dunning—1940). ® 

small cross-section in natural uranium for thormal neutrons is evi¬ 
dently due to the very small amount of lighter isotope present an 
the intervention of other processes which impede the action, 
natural isotope of thorium of mass 232 has been shown to 
fission with fast neutrons of 1*1 MeV (Nishina and his co-worer 
1939), while Pa of mass 231 with neutrons of energy more tna 
1 MeV (Grosse, Booth and Dunning—1939). 

It lias also been found that fission can be produced by bombar*- 
ment with particles other than neutrons . Thus fission has been induce 
in both U and Th by high speed protons of energy 6*9 MeV (ue 
sauer and Hafner—1941), by deuterons of energy greater than o m 
(Gant—1939 and Jacobson and Lassen—1940) ana by a -~P ar 1 . 

32 MeV energy (Fermi and Segre—1941). High energy2? 0 

as the y-rays obtained from nuclear reactions (Haxby. onoupp, 

—1941) or X-rays from a betatron (Baldwin and Koch— . * n 
also been found effective in producing fission. The cross sec 
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these oafles is of the order of 1 to 7 x 10~ 27 r»m« 2 ti 

bring out the fact +ha + * u / x iu eras.-. These results 

unstable uranium or thorium nurl* means * urill make an already 

«<m 6« zip * <*»** 

ted by <2 the D fo'""i”g The fi “ i ™ pr0 " s!i m * y be d «tec. 

.tiginSi sutif prod " ots ** “ ““ 

face placed clos^to^he^Yracnated^ ^ Ca “f ht u I )on a receiving sur- 
subsequently bv means of thev d ® 8 . SI0 ” a ble material and deteotPd 
Joliet 7 J means of them radwachvtty, as was employed by 

tion ch^infbeiMvith n bh^fissfonTble*^ h ?° ating * be Wails of an mn.sa- 
tile to bombard thew Jl l! S , ubstance and allowing the projec 

fission fragments can be observed" ^ ° f 1Omsat,0n P roduced by the 

fission fragments tn^doii^^^ J h * h T y tracks mado by the 

on page 996). ani K ' " iav be photographed (c/. photo 

! S»» hi ■Tat i ’" , !r been spplMd 

uranium is introduced intn 1 * i. fissionable material, say 

tdlMio, if .SU th ' w p £‘<’ by * “bathing” prone., n.iig l 
neutron bombardmpmf When the plate is exposed to slow 

corded. A photo of on* Q Y tracks of the fission fragments are re- 
teristies obtSned by D L T w,th s °mewhat unusual charac- 
fPbts into three fragments^ThTfrJ 8 re P roduce( l below. The nucleus 

than those of the fission narf i i trackof Ion 8 cr range is much thinner 
®-particle. There ia ^, part,cIes an ^ ls presumed to be due to an 
track, unrelated te ^ 8eCOnd fission 

«nder the long trick ’ Whl ° h passes 

mentihLvi S K i0n pr ® ducts * The fission frag- 

fication a. T J b (i \ m ® fchods used in their i.lenti- 

emitted by the eve^'^ tests > (**) X-rays 
•ng fissio/and f;r, d at ° ms P rodu ced- dur- 

of ^ fission prodicTsYvfrTh^ ^ P ^ i0d3 
other cr f. Wlfch th ose produced 

many different f eacti °ns. It is found that 

fission of ujanium emer Y \ re P roduce d by the 
with neutrons th ? riu m bombarded 

more than 2 n «i Radioactive isotopes of 

among the fission 1 * 1611 *? ha ^ e been identified 

cates that the'/fs»,- Pr0duCt3 ’ which fact in di- 

^any different ] ^° ceas ma y take place in 

found. hoZZ J 7% T, he products have been 

of atomic two eroUDS nn^ Fission tracks with 

number in the range 35 to 43 ’ anf i secondary a-particles. 

° «*nu (Livesey) 
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atomic mass in the range 80 to 110, the other of atomic number from 
51 to 57 and atomic mass from 125 to 160. 


These two groups in the fission products indicate that two 
among them, formed first, are unstable and disintegrate furthereith 
by the ejection of neutrons or by p-emissions producing step b y P 
other members of their respective groups until a final ^We nucleus 
is reached. Both the neutron and p-processes have be 
Further, some of the P-processes have been * l^r in^ce A 

and Wu have observed the following series of p-disintegrations 
of-the fission products of uranium : 


51 Sb 133 -> 52 Te 133 -*• 53 I 133 -* s* Xel3 ®7^ 

10 mins. 60 mins. 22 hrs. 6 days 


,Te 133 


Cs 133 



ntimony has only two stable isotopes of masses l^ana ^ 

1 the fission product has at least 

neutrons in excess, which makes it un 
stable. The excess of neutrons c* 
removed by p-process, where a neutron 
is transformed into a proton. 

Wb >=? X Other hand, a-ray emission, positmn 

5* « ‘i>«y 40 tocre *‘ e ‘ 

v--I neutron-proton ratio. ' . 

4 l (4) Energy Uberated M» 

11si ^* iThe 

here also the ^energy 

/ Pond 8 y t0 Iu a the present 

of mass is i 

Madam Wu than in other 

>f the energy that can be liberated in 
i©d by converting the difference 
! products into energy by the use of th 
[ that approximately 200 Me J .? tly the amount 

ie d in the fission of ura " lu “ ft ® V 1 , ar process in ’ - J 
t ted will depend upon the particular p_^ 

will depend upon the primary n 8, 

E y will be divided between the two 

conserve momentum and energy i ] 


importance 
of nuclear 
, the enormous 

released in the pr° 
nuclear disintegrations, 
liberated results 
i m mass involved, 
to Einstein’s mass- 
mc s ) corres- 
amount oi 

case, the loss 
much larger 
reactions. A general 

nuclear fission may J® 
nass defects of tn 

ve relation. I* 
rration shoul 
_of energy 

volved and thisi in 

its. Further, the 

nets in such a way 

for in ~ 


Thus 
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stance, if two products o: equal mass are formed, they will travel in 
opposite directions with equal energies of about 100 MeV each. If, 
on the other hand, the products are unequal in masses, such as 
oapum and krypton, the energies carried by them will be different. 

. Meitner and Frisch (1939) found that by placing uranium over 

ater, the fission particles of uranium were driven into the water 

rom which they could be precipitated. This indicated that the fis- 

lon products must be exceedingly energetic to be forced out of the 

UiMiium and driven into the water. McMillan (1939) by covering a 

uTthVfbombarded uranium with a number of thin foils and notfng 

of 1 f<>1 the ra< iioactivity reached was able to make an estimate 
oi energy per particle. 

Rin„ ? lreCt an< P recise measurements of the energies of the fis- 

Ionisation chamber methbd. Hafstad and Dunning fl 939 ) 

«n ionisation chamber in injunction wilh , JJgJ* 



jtL 




Lmear amplifier oscillograph record of fission particles from 

uranium. (Dunning) 

d uced d by r fi 83 io 3 ,? ll ,!^ a s h ’ ° btained neat records of huge jfulses pro- 
J ike the y 0 ne shown T° th Uranmm b °mbarded with neutrons, 

tb e peaks give Z “ ® ad J acent P hoto - The varying heights of 

fra given o| TheVn^K ? f enel i g,e8 1 ^ lth which the fission particles 
dark band aUh?W* e “A Ued b y non-fissioned uranium are in 

those of the a-nartiele? ^ tT* f® 81011 P articles as compared with 
ln ission. us t be due to the enormous energy realise^! 

? 0 mber of e fi^,? ^^f rS , cba ^ (^ 94 0 ). hy observing a sufficiently great 
interval, were able 8 “".u n ?. t,n ? the number in each energy 
°ne shown in Fig SOI^t ^ 6 distnbution-in-energy curve, as the 

g* Ul. Two peaks are obtained, one at 65 MeV 
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t / | \ measuring simuiianeouw.y 

7 $ / • \ /l\ with sensitive electro¬ 
n's i / V J i \ meters the ionisation 

^ / fii S \ pulses produced in argon 

^ ^ 25 \ by the two fission frag- 

j y 13 ments issuing on opposite 

- j • sides from a thin uranium 

-■- r 1 _r - • foil bombarded with neut- 

20 30 40 SO tx> Jo 60 30 100 no nev ronSj W as able to calculate 

Of fc*u#7i pxxMc&A the kinetic energies of 

the fragments on the as- 
Fig. 30 1 . Distribution-in-energy curve sumption that each ion 

of fission particles. pair requ i re d 27*5 eV for 

its formation. He found that the total kinetic energy varied from 133 
to 192 MeV with a frequent value of about 163 MeV. 

Clovd chamber method. Corson and Thornton in California (1939) 
and Boggild, Brostroem and Lauritsen in Copenhagen have obtained 

fine cloud chamber photos of the _ , 

tracks produced by the fission frag- 
ments by placing a thin layer of 
uranium inside the chamber and 
irradiating it with neutrons during ) 
the expansion. One such photo 
taken by the Copenhagen workers i 

is reproduced here. The two oppo> ■KMaHHHHBBBBiPQwBI 
sitely directed tracks, which are 
much thicker than numerous others 
forming a background throughout 
the chamber and produced by 
oc-particles of non-fissioned* uranium. 
correspond to the two fission frag- 
ments. The energies can be esti¬ 
mated from the ranges of the tracks. 

Measurements show that the ener¬ 
gies arrange themselves into, two 
groups, one of about 100 MeV and 
the other of about 72 Mev. 

Calorimetric method. Henderson (1940) has measured the 
average energy released per fission of uranium, by noting the 
number of disintegrations and the total energy developed in a sens 


Cloud chamber photo of fission 
tracks. (Boggiid, Brostroem 
and Lauritsen) 
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nuclear fission 
agreement with thorn.of^Ither methods 3 ^ M ° V ^ &Ssi ° n ’ in fak 

than th^denVedfrom^ma!£'“JSdeStfoM V This^ leSS 

since the measured kinptio r tl ? ns * This is to be expected 

the whole of the energy releasJd° Part"of ThT f d< f S n0t re P resent 

carried off by high-speed neutrons wh!ch are emitted ““F 7 - ^ 

then appear il subsequent nUCM ’ Which WOuld 

how the* uraniu^Tnu g S ,jKdf? da Th n * u * rons in fission. No matter 

nuclei. It ha°Already 1 been^tated^ha't ? ^ no ™ al 

excess can be removetfis bv d irJt™,* 4 one inet ! lod b y which this 

having looked for these neutrons emitted^at™^ 100 ' ? ta,ny workers - 

were the first to discover tha/S’/ 0 ' Kow f rski and Von Halban 
t| d per fission of uranium was 3 ® ra J e n u mb er of neutrons emit- 
Hanstein obtained the resnlf nff ^ 0 7 * An derson, Fermi and 
Szilard and Zinn wirL Q !i. f neutrons per fission in uranium. 

tal arrangement determined the* 6 a ” k car ^ully devised experimen- 
the fission of uranium by slow neutrSis^ °^/ ast neutron s emitted in 

helium-filled inniLf- + ^ ^ s o urc e placed inside a paraffin block. V 

• used as a detector of the ^e^ndlrv^f 611 & linear am P lif ier was 
oxide and performing experiments with » ^ eutron s. Using uranium 
were able to determffie the mhl. f V f W,th ° Ut Cd screen 3, they 

emits on an average 'ot^wtitroT Z? flSS l° H { ra 9 ment f ro ™ uranium 
that the average m.mh T ; T,leoretlca l considerations show 

crease with the mass of the°fissir UtI rf llS P f F fission fragment would in- 

of elements heavier San uranh^ t ““"'c 118 -- Hence in the f^ion 
average number of neutrons m>p fro .° r lns tance, plutonium) the 
greater than one Thl P . F fra S ment ma y be expected to be 

/«<«-»? ’ z;%fy a ‘ ^ ™ *** <» t 

-/to aVZSZ 

neutrons continued to come frorn^ , ey . er and Wan « found that 

-1945) h»ve Ib^r (Smyth’sReport 

neutrons in the fission of uranium with 7° ,J ll *e emitted fast 

Uiafabeu, 1 % wcre sT 1 ™”?’ , The J' *»“«1 

were delayed bv as nmnh „ - . ^ Pr s ? c * a nd about 0*07°/ 

their existence in a state nf it 11 • f two fragments that besin 

unable to cause a secondary nuclear fils -” 4 vlbratio ns, which though 

” th » »f »»»n nne^trueTm;,^S 5 ‘™»* W ti 
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(6) Chain reaction. The discovery of the emission of secon¬ 
dary neutrons in the fission process is a crucial fact, for it renders 
immediately obvious that a self-propagating chain reaction is possible, 
since the neutrons produced in the fission of a nucleus can cause 
fission, in their turn, in other neighbouring nuclei, producing more 
secondary neutrons and more fissions resulting thereby in a rapid 
geometric increase of fissions until the whole of the fissionable mate¬ 
rial is disintegrated. This would liberate a tremendous amount of 
energy in a very short time since each fission releases a very high 
energy of about 200 MeV. It lias been calculated that one cubic metre 
of uranium oxide might develop 10 12 kilowatt hours in less than 0*01 
sec. Thus it is realised that the phenomenon of fission can be put to 
practical use as a source of power, far superior to the actually exist¬ 
ing ones, nay, even as a super-explosive (the atom bomb). 

The common sources of power are obtained by combustion 
processes. Now combustion is always self-propagating : 
lighting of a fire with a match liberates sufficient heat to ignite the 
nearest fuel, which liberates more heat which ignites more fuel and 
so on. Although, as a rule, nuclear reactions, unlike chemical reac¬ 
tions, are not self-propagating, yet in the particular case of nuclear 
fission, on account of the emission of particles of the same kind as 
those which started the fission, a self-propagating reaction is obtain¬ 
ed involving so many nuclei that the whole mass would explode, thus 
producing enormous energy, many million times that of ordinary 


fuels. 

But to secure an efficient chain reaction is not easy in practice, 
because there exist several causes that prevent the progressive 
neutron breeding, essential for the self-sustaining fission reaction- 
The general condition for the minimising of these causes which mi i^ 
tate against tfie occurrence of the chain reaction is usually expres fi e^ 
by a quantity known as the multiplication factor {k) and^ define 
the ratio of the number of fresh neutrons produced by fission a * 
place in the material to the number of free neutrons origina y P ■■ 
sent at that place. It is essential that (k) must be at least equa 
for the maintenance of the chain reaction . . e 

The two chief sources of wastage of neutrons which lead to ^ 

collapse of the chain reaction are : (t) leakage of n ^ u ^ ron J^ which 
system and (it) presence of nori-fissionable material in the sy$ e t 


absorb the neutrons, . . . 0 f the 

The first of these may be reduced by a suitable choic 

size and shape of the fissionable material. Dro babi- 

enough to keep the neutrons within the system so t la _ fission 
lity of their escape before they could hit nuclei am Pf. f () obtain 
is rendered small. A spherical shape is also very com u 1 - r effect 

the desired result, since the escape of “ “ o fth 0 radius, 

dependent on the surface area and hence on the q hence on 

while fission is a volume effect dependent on the vo u *? e r ne ut- 

the cube of the radius. Thus the ratio of the rate of e>«pe.of 
rons from the system to the rate of their production v 
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as the radius, decreasing with increasing size. As the radius is in 

oan « 1]___ m * * i * • . 4 


but above which the system becomes unstable and explodes spon¬ 
taneously. T ie critical size depends on the nature and shape of the 
surroundings as well as on the speed of the reacting neutrons. 

The second source of loss of neutrons by absorption, non-pro- 
uctive o fission, may be reduced either (a) by carefully purifying the 
fissionable material from other non-fissionable impurities that absorb 
neutrons or (b) by neutralising the disturbing action of the non fission - 
able materials without actually removing them. 

•li Uran &m presents a very instructive and practical example that 
illustrates the various conditions stated above that must be realised 
tor a successful chain reaction. The two isotopes of uranium impor¬ 
tant in this connection are U* 38 and U 235 , the former being 140 times 
more abundant than the latter. The heavy isotope has a fission cross- 

section of about 0-5 X 10' 24 cm. 3 for fast neutrons of energies greater 

tnan 1 MeV ; fission ceases below 0 35 MeV; the probability of non- 
nssion capture of slow neutrons is vanishingly small except fora pro- 
nounced resonance at neutron energy of about 25 eV with an effective 

^ S «! eCtl0n ° f 1200 X 10 24 c,n ' 2 as ostim ated by Meitner, Hahn 
lit b „ t ™ S8mann - The light isotope manifests a very high probabi- 
Hty ot fission capture for neutrons of any energy and“ the fission cross- 

lncreasu s with decrease of neutron speed reaching a high value 



n, r 

With these data the possibilities of the chain reaction in urani 


um can be studied :— 
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If the mass is large and extremely pure, collision with U 238 
nuclei will reduce the energy of the neutrons slowly. The energy lost 
in a single collision is very small because of the large mass difference 
and the neutrons will therefore linger for a long time in any giv^n 
energy interval. The probability of capture into the resonance level 
of U 238 at about 25 eV thus becomes large. There is likely, therefore, 
to be too great a loss of neutrons by absorption which does not lead 
to multiple fission required for the development of a progressive 
chain reaction, however large the mass of material may be. Thus 
a chain reaction is rendered impossible in natural uranium. It is in¬ 
teresting to note that only because of the preventive action of the 
heavy isotope U 238 that the highly fissionable atoms of U 235 still exist 
in nature, since otherwise they would have all been destroyed long 
ago by a fast chain reaction among them. 

A chain reaction can be secured with uranium in the following 


two ways :— 

If [7 23f > can be separated from t/ 238 in sufficiently large quanti¬ 
ties, greater than the critical size, which has been estimated to be 100 
kilograms, a spontaneous chain reaction will result, initiated by any 
stray neutrons, such as those produced either by cosmic ray action 
or by fission itself. The separation of U 236 from U 238 , however, pre¬ 
sents the very complicated technical problem of the separation o 
isotopes, already described (Cf. pp. 249-52). In the present case 
two additional difficulties exist, viz., first the very small relative 
abundance of U 235 : to separate the 100 kgms. about (demanded oy 
the critical size), 10,000 tons of natural uranium are required ; se¬ 
cond owing to the small difference of mass between the two uram 
isotopes the separation cannot be achieved in one single process, ^ 
requires a large number of repetitions which lead to a gra ua c 
centration of the light isotope, until finally reasonably pure sampi 

of U* 35 can be obtained. # . 

A much more ingenious method first suggested by Fermi f 0 ****. 
in forcinq a chain reaction in natural uranium itself by theuseoj ce 
artificial devices Icaoam as moderator, which reduce 
adverse absorption effect of the heavier hotope end th ' r ‘ b -' 

function of the moderator ie to slow down the fast neutrons of fes,on 
very rapidly by elastic collisions to thermal energies, so that tne 

chance of nomfbsion resonance capture of D* bec0 ” VSistnSd 

in Fig. 302. The moderator must necessarily possess t p £ ^ 

itself not capturing neutrons readily, since otherwise 1 8 

instead of diminishing, the collapse of the chain reaction. 

Elements of low atomic weight are pariicularly suited to^ ^ 

as moderators, since they reduce considerab y the, cnergy^^ ^ 
neutron at each collision. It was first, thought that hy g neut . 

the best moderator, since, having nearly the 8 f’ tuc , ma f s , ‘ ir at e ach 
ron, it could reduce the energy of the neutron by » o hvdroeen 

collision. Calculation showed that in- about co is y 
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re< ^ uce tbe ener gy o ' a neutron from 1 MeV to thermal values 
O’OSo eV). But ;here are several disadvantages in the use of hv- 



Fig. 302 . Principle of action of the moderator. 

urogen as moderator. Being a gas, it will take up too much space. 

,, . t 1 !H *°) m 'g ht b® used, but it contains oxygen which compli- 
Ca . t i es . Matters. Moreover, hydrogen captures neutrons in inelastic 
collisions to form deuterium, while a good moderator should slow 
aown neutrons rapidly without capturing them. Deuterium, helium, 
eryllmm and carbon are considered as possible good moderators. 

^arbon m the form of graphite and deuterium in heavy water (D„0) 
nave been actually used. ' 2 ’ 


This method has the additional advantage of producing at the 
same time plutonium, which when separated and used pure, is as 
good, perhaps even better, than U 235 , as a fissionable material. This 
• i w artificial element results from the resonance capture of some of 

8 tated Utr ° nS * n the process of slowi »g down by U 238 , as already 

. Bot j 1 the methods of developing an efficient chain reaction have 
een tried with successful results, in connection with the use of ato- 

f J-! rgy f ° r P racfcical Purposes. It may be noted that the time 
dustrini ver ^. ln, P 0 rtant in the production of atomic power for in- 

the nlutr PP 1Cat, ,°. n9 ‘ FiSSi ° n after fi8sion must occur rapidly before 

rials n S 0 out Sa^rt^stn^ ^ ° F b ° by th * 1Date ' 

the bo ( mhJ^ a “ S ? rS V* ic e * eme “ ts - Although the initial researches on 

others b ^ neutron3 inducted by Fermi and 
s gave more or less clear indications of the formation of trail- 
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suranic elements in the process, recognition of the more startling fis¬ 
sion reaction diverted the attention of scientists from looting for fur¬ 
ther evidence in confirmation of the existence of such nuclei heavier 
than uranium. It was only in 1940, that the existence of trains uranic 
elements was definitely established. At present, ten transuranic ele¬ 
ments of atomic numbers 93, 94, 95, 96, 97, 98, 99, 100, 101 and T02, 
called respectively neptunium (Np), plutonium (Pu), americium 
(Am), curium (Cm), berkelium (Bk), californium (Cf), einsteinium 
(E), fermium (Fm), mendelevium (Mv) and nobelium (No), are 
known. 

McMillan and Abelson discovered, in May 1940, the first trans- 
uranic element neptunium (Z ~ 93), produced in the non-fission re¬ 
sonance capture of neutrons by U 23p . The radioactive isotope of 
uranium ( 92 U 239 ) formed by the capture of a neutron disintegrates by 
p-emission with a period of 23 mins, and produces neptunium accord¬ 
ing to the reaction 

* 92 U 238 -f- qU 1 * - > * 92 U 239 + A-v 

* 92 U 239 -» * 93 Np 239 + g-(T = 23 mins.) 

McMillan and Abelson were able to identify this ^ new element 
by chemical processes carried out on a “tracer” scale, i.e., using 
minute quantities. When latter produced in greater amount, it was 
found that neptunium was also radioactive and transformed by 
p-deca 3 r with a period of 2*3 days into a second transuranic element, 
now called plutonium , which is an a-emitter with a long period of 
about 25,000 years. The nuclear reactions involved are 

* 93 Np 239 -> * 94 Pu 239 + e" (T=2*3 days) 

* 94 Pu 239 - > * 92 U 235 + 2 He 4 (T * 2*5 x 10 4 yrs.) 

The two important features of this Pu 239 isotope are : (t) it * s * 
different chemical element from uranium and so can be separa 
from uranium by chemical means ; ( ii ) it is readily fissionable wi 
both fast and slow neutrons. Another isotope of plutonium (P u 
was discovered shortly after, in the same year 1940, by G.T. Sea org, 
McMillan and co-workers in the bombardment of uranium wi 
16 MeV deuterons, as a ( d , 2 n) reaction 

* 92 U 238 + jD 2 -> * 93 Np 238 + 2 on 1 

* 93 Np 238 -> 94 Pu» + e- (T = 2 days) 

Pu 238 was found to be an a-emitter with a period of about 50 3 ear ‘ 

* 94 p u 23 8 -, * 92 U 234 + 2 He 4 (T = 50 years) 

In 1942, Wahl and Seaborg discovered a second isotope o 
neptunium (Np 237 ) produced in the following (», 2n) reaction 

* 92 U 238 + -> *92^ 237 + 2 o nl 

' * 92 U 237 —> * 93 Np 237 + e' (T = 7 days) 

Np 237 is an a-emitter with a very long period : 

* 93 N P 237 -» * 91 Psl 233 + 2 He 4 (T = 2*25 X. 10® yrs.) 


TRANSURANIC ELEMENTS 


1003 


At present, the known isotopes of neptunium are those with 
mass numbers 231, and 233 to 239. They are all radioactive. The 
longest lived isotope Np 237 is the representative of element No. 93 in 
the Periodic table. The kno wn isotopes of plutonium are those with 
mass numbers 232, 234 to 237, 238, 239, 241 and 242, all radioactive. 
Many of them have long periods, Pu 238 — 89 yrs., Pu 239 — 25,000 yrs., 
Pu* 40 — 6,580 yrs., Pu 241 — 10 yrs., Pu 242 — approximately one 
million } r ears. Being the longest lived isotope, Pu 242 is the represen¬ 
tative of element No. 94 ; it decays with the emission of an a particle 
and becomes U 238 . 

In 1945, J. G. Hamilton, G. T. Seaborg and collaborators were 
able to detect by the “tracer’* method two more transuranic elements 
of atomic number 95 ( americium) and 96 (curium) resulting from the 
bombardment of IT 238 and Pu 239 respectively with 40 MeV helium 
produced in the 60-inch Berkeley cyclotron. In 1950, S.G. Thompson, 
A. Ghiorso and G.T. Seaborg obtained berkelium ( y 7 Bk 243 ) and cali¬ 
fornium ( 98 Cf 244 ) by bombarding 9 S Am 241 and 96 Cm 242 respectively with 
35 MeV helium produced in the same 60-inch cyclotron. 

The reactions are :— 

* 92 U^ 4 - 2 He 4 -► * 94 Pu 241 + Q n l 

* 94 Pu 241 -> * 95 Am 241 + €" (14 years) 

* 94 Pu 239 + 2 He 4 -► * 96 Cm 242 + 0 n 4 

* 96 Cm 242 -► * 94 Pu 238 + 2 He 4 

Americium and Curium have already been found to have several 
isotopes e.g . americium eight (237, 238, 239, 240, 241,242, 243, 244), 
curium seven (238, 240, 241, 242, 243, 244, 245), Am 244 has a period 
of 475 yrs.,,while Am 243 7,600 yrs. ; this is the longest-lived isotope 
of Am, hence representative of the element 95 . Cm 243 has a period 

of 35 yrs., Cm 244 19 yrs., while Cm 245 20,000 yrs., and hence 
represents the element 96 in the Periodic table. 

For berkelium and californium the reactions are : — 

* 95 Am 241 + 2 He 4 -► * 97 Bk 243 + 2 

* 97 Bk 243 -> 96 Cm 243 (K-capture) 

* 96 Cm 242 -f 2 He 4 -> s|t 98 Cf 214 + 2 0 n l 

♦ 98 Cf 244 -. s 6 Cm 240 + 2 He 4 

Berkelium is at present known to have the isotopes of masses 243, 
44, 245^, 249 and 250. The period of Bk 24!) is approximately one 
year. Californium has many more isotopes — 244, 246, 248 , 249, 
60, 2ol, 252 and 253. The period of Cf 219 is nearly 500 years. 

The discovery of tho elements 99 and 100, in 1953-4 is of special 
interest : A. Ghiorso, B. Rossi, B. G. Harvey and S. G. Thompson, 
under the direction of G. T. Seaborg, bombarding U 238 with nitrogen 
ions (N* ++++++) accelerated with the 60-inch cyclotron were able to 
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produce the element 99 of atomic mass 247, half-life 7*3 mins*, emit¬ 
ting a-particles of 7*35 MeV energy. Other products of the bombard- 

ment include Cf (244, 246, 247 ?, 248) and Bk (243,.). The new 

element, identified by the usual chemical separation methods of pre- 

has properties similar to holmium (67) 
of the rare earth series and has been named einsteinium (E). Other 

isotopes of this element already identified are of masses, 252, 253, 
254 and 255. 

B. G. Harvey, S. G. Thompson, A. Ghiorso and G. R. Choppin, 
again under the leadership of G. T. Seaborg, discovered element 100 
by bombarding Pu 239 with neutrons from an atomic reactor. This 
marked the first time of production of synthetic transuranic elements 
by means of atomic reactors , since previously those elements were pre¬ 
pared only by the use of projectiles from the cyclotron. Transmuta¬ 
tion of an atom of Pu to element 100 is a complicated process in 
which 15 neutrons are absorbed by the Pu atom. During this pro¬ 
cess, six (3-particles are emitted, while the atom of Pu with 94 pro¬ 
tons and 145 neutrons is changed into atom (100) with 100 protons 
and 154 neutrons. Chemical identification was made by the usual 
precipitation and ion exchange methods. Many of the properties of 
the new element were found to be similar to those of erbium (68) of 
the rare earth series. The element 100 thus discovered has a period 
of 3 hours and decays by the emission of a-particles of about 7*2 MeV, 
energy. It has been called fermium (Fm), which has isotopes of 
masses 254, 255, 256. 

In April 1955, G. T. Seaborg, A. Ghiorso and collaborators 
discovered element 101, by bombarding element (99 253 ) with an in¬ 
tense beam of 48 MeV helium ions from the 60-inch cyclotron. The 
new element has properties similar to thulium (69) and is an a-emit- 
ter* The name mendelevium (Mv) has been suggested for it. Very 
recently (1957), the Nobel Institute of Physics, Stockholm, obtained 
element 102 by bombarding curium (96) with carbon ions accelerat¬ 
ed by the cyclotron of the Nobel Institute. The name “nobeliuM 
(No) has been suggested for it, which is a solid a-emitter, with a 
period of 10 to 12 mins. 

Now that the ball has been set rolling as regards elements 
heavier than uranium hitherto considered as the heaviest, one wonders 
where the new periodic table will end. Seaborg from an intensive 
analysis of the chemical properties of the newly formed transuranic 
elements has suggested, as early as 1945, that the elements o 
Z ;> 88 might form another transition group (actinides) similar 0 
that of the rare earths ( lanthanides ). He expects that if the 
suranic elements could be extended up to 103 the second half o 10 
actinide group will be completed. 

The identified transuranic elements decay forming a series of 
radioactive transformations analogous to those of the three series o* 
natural radioactive elements. All the four series have now een 
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classified under a general law which may be stated thus :_ 

All members of a particular series are characterised by having 
(4n + q) nucleons, where q is one of the integers 0, 1, 2, 3, charac- 


/An 


241 


P Np 


237 



Fig. 303. 

given series, and n may be any integer. Thus the thorium 

by (An 4 - if C Jt" 8ed (4w "t. 0) ’ the transuranic neptunium series 

nium series bv S® by (4* + 2) and the acti- 

163 b y (4n + 3), as shown m Fig. 303. Evidently (An, + q) 
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gives the mass number A of the members of the series. The thorium 
series (A = 4 n) begins with 90 Th 232 having a period of 1*4 x 10 10 yrs., 
and the end product is 82 Pb 208 . The artificially produced isotopes 
Pa 228 and U 2 * 8 begin two other branches of this series. 

The recently discovered neptunium series (A — 4 n + 1) is 
named after Np 237 , the longest-lived member in it, having a period of 
2*2 x 10 6 yrs. All numbers of this series are either unknown or 
extremely rare in nature. They include isotopes of the elements 
francium Fr 221 and astatine At 217 , only recently identified. This 
series has a branch, beginning at artificially produced U 22B , which 
transforms into Po 213 after four alpha decays. The end product is 
Bi 209 and not an isotope of Pb, unlike in the other three series. 

The uranium-radium series{A = An -f- 2) starts with U 23s and 
ends in stable 82 Pb 20 *. It has two other branches starting with 
artificially produced Pa 230 and Pa 126 . The . first of these joins the 
main series at 8 4 po 214 , while the second at 83 B,i 210 . 

The actinium series (A = An + 3) starts with U 235 , includes an 
isotope of actinium 89 Ac 227 which gives it its name and terminates at 
the stable isotope of lead 82 Pb 207 . This series has also two other 
branches that begin at the artificial radioisotopes Pa 227 and U 227 . 

This classification brings out the great abundance of members 
in the different series having a large number of parents and several 
side branches. 

Practical applications of nuclear fission* The enormous 
energy liberated in nuclear fission coupled with* the possibility of 
practical realisation of rapid chain reaction readily suggests the two 
most important practical applications of the process, viz . (») the 
super-power plant and (tt) the super-explosive or the atom bomb . Both 
of them have been successfully attempted, in spite of complicated 
techniques involved. The atom bomb project has yielded better 
results than that of the atomic power plant. The general principle 
that discriminates the two applications is as follows : For indus* 
trial purposes, a graded constant production of power which gives a 
temperature high enough for the efficient operation of heat engines 
has to be taken into consideration, while for the atom bomb a hig ' 
speed cumulative effect is to be realised, where within less than a 
micro-second the number of fissions is multiplied to such an ex ten 
that a considerable portion of the material is affected and the tem 
perature and pressure rise enormously causing a terrific explosion. 
Accordingly, two different techniques have been developed, one 
slow neutron reacting system called the reactor or pile suited for in us 
trial purposes and the other a fast neutron reacting system for 
production of atom bombs. 

k 
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Principle. The pile works on the slow neutron chain which is 
achieved with natural uranium by the use of graphite as moderator to 
slow down the fission neutrons to thermal energies which thus be- 
(:orflh capable of producing further fissions, chiefly on the small per¬ 
centage of U 23;> and hence of giving atomic power at a controllable 
rate. It consists of a great number of uranium blocks or slugs dis¬ 
posed in a calculated "lattice” throughout a huge mass of graphite. 

ission neutrons which escape from one of the uranium blocks, in 
winch there is a very small chan ce of capture, pass into the graphite 
moderator, where by successive collisions they lose energy v^ry 
rapidly, about one-sixth at each collision. The chance that ?foey 
oncounier a U 238 nucleus before they are slowed down to energies 

below the resonance level is greatly reduced and when the neutrons 

Otnuse to a uranium block again they are readily captured by the 
0235 nuclei and give rise to further fissions. * 

For the chain reaction to take place the size of the system 
niust be evidently greater than a certain critical value, when the rate 

o escape of the neutrons from the surface is not greater than the 

ra e of production. This critical size depends upon the precise 
arrangement of the uranium and graphite and upon whether the 
surroundings reflect back any of the neutrons which escape from the 
urtace. The size of the pile required to obtain a slow neutron chain 
eactmg system in uranium must be obviously very large, on account 

e very small amount of U 235 in natural uranium and the great 
quantity of moderator to be used. 


Th q fact that some of the fission neutrons are delayed in time is 
aW COntro1 the ^ration of the pile . If the pile is made just 

fair 6 i 6 cri ^ ca, l SIZ ®3 the exponential increase in the rate of fission 
v ©3 place rather slowly due to the delayed neutron emission. Now 

wKi!»T^t pile rods of a material like boron or cadmium 

v absorb slow neutrons strongly, the multiplication of the fissions 
vicfl i altogether and the pile will not operate. This de- 

a * S arrestor • slow withdrawal of these rods allows the 
8I ? and there is P lent y of time t0 re-insert them if the 
rieH pI * catl0n ri3es ^oo rapidly. Adjustment of the rods can be car- 

whinh U 0 L aU Ju matica ! ly by the use of an equipment like a thermostat, 

ti nn mini it Position of the arrestors so that the system runs con- 

sly at any desired energy level. 

urami^ e y,pf 3 i. 0, V energy ^generates by cellisions into heat and the 

by surronnH^'^ r . b u y blow, “ g gas » such as air, hydrogen or helium, or 
y ounding them with a tube through which water circulates. 

by a beuViL°! ^ P ‘ le . may be reduced by replacing the graphite 
alov^ine down raor such as heavy water, which is more effective in 

.ffiXj ZKX H 4 f “ rt ! , ' r .nd increased 
y can be obtained by using either uranium enriched in iso- 
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tope 235 or plutonium as the active agent in the pile. This is known 
as the enriched reactor or pile. 


Piles in use. The first 
put in operation, in December 


successful pile was constructed and 
1942, in the University of Chicago 



Fig. 304. The uranium pile. 


under the direction of 
Femi. It is illustrated 
schematically in Fig. 
304. The shape of the 
pile was an oblate sphe¬ 
roid flattened at the top. 
It was built up in layers 
of pure graphite bricks. 
In alternate layers were 
embedded lumps of ura¬ 
nium U, U, U, in a cubic 
lattice arrangement. The 
arrestors, A, A, were 
cadmium rods that could 
be inserted in or with¬ 
drawn from slots pall¬ 
ing through the pile. 
During the building up 
of the pile, the neutron 
density was measured 
as successive layers were 


added, in order to check the approach of the critical size. With no 
arrestors, the required size was reached before the last layers were m 
place. Great care was taken lest the chain reaction should get out 
of hand and cause an explosion. The pile was surrounded by a thick 
layer of graphite so as to reflect back into it as many neutrons as 
possible. But even so, in order to make up for the surface loss o 
neutrons the size of the pil <3 was large, its diameter being 6 to 7 feet. 
Six tons of uranium and some hundred tons of ^ranhite were used. 



When the pile was not in operation several arrestors were in¬ 
serted in a number of slots which brought down the multiplies ion 
factor below 1. To operate the pile, all but one of the arrestors were 
removed and the remaining one was slowly pulled out, when the m 
tensity of the neutrons emitted began to increase rapidly. &y 
careful adjustment of the single arrestor, the pile was made to w ^ 
at a constant power level. This first pile produced a low power ^ 
200 watts only, but this was enough to check up theoretical expe 
tions. 


Other piles were soon constructed which gave much greater P° 
output and could be operated for months at a time. Thus for ,n8 J* * ’ 
at Clinton, Tennesse, a gas-cooled pile, having a continuousjP , 

output of 1,000 kilowatts and more, was putin action in 1 * , 

Handford, Washington, piles, extremely large, complex and c 
utilising liquid cooling and capable of supplying power at thousan 
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kjiowatta, were constructed in 1944. Since then, a few mere piles have 
been built in Canada, England, Russia and Franco. India has al¬ 
ready three at the Atomic Energy Establishment, Trombay : the 
“Apsara” which has been operating since 1956, the “Zerlina”, which 
started functioning in 1961 and the “Canada-India reactor’’ 


The nuclear reactors in actual use may be classified as 
follows : — 

(*) Uranium-graphite reactors . Following the success of the pile 
at the University of Chicago, several others were built on the same 
model, but further improvements to obtain greater power output and 
larger neutron flux. Such are the Oak Ridge reactor at Teanesse 
(1943) operating at 3,800 KW, the “Gleep” and “Bepo” at Harwell, 
England (1947-48) working at 6,000 KW and the Brookhaven reactor 
(1951) delivering 30,000 KW. Efficient air-cooling system has enabled 
some ol ! ese reactors to be operated at a moderately high tempera¬ 
ture of 200 to 300°C. 

(Hi Heavy water reactors. The use of heavy water as moderator 
ic a nuclear reactor has thd*advantage that neutrons are reduced to 
thermal energies after about 25 collisions with deuterons as compared 
with some 115 collisions required with carbon nuclei in graphite. 
Heavy water has the additional advantage that it absorbs fewer neu¬ 
trons than graphite. Thus for a heavy water reactor a small volume of 
moderator is required, and the neutron flux is larger than for a graphite 
reactor a the same powder level. Heavy water can be used at the same 
time as a cooling liquid for the reactor. To this class of reactors beldngs 
the first one built in 1944 at the Argonne laboratory, operating at a 
rather low power level of about 300 KW in the original design, but 
completely remodelled in 1954 with the use of enriched uranium to 
deliver 1,000 KW and a large neutron flux. Others built on the same 
model are the Canadian NRX reactor constructed in 1947 working at 
a maximum power output of 30,000 KW, the “Zoe” in France (1950), 
the “Jeep” in Norway, the “Zerlina” in India, etc. These last 
mentioned reactors operate at low powers of 10 and 100 KW respec- 
tivel}' and are chiefly meant for laboratory researches. 

(ti) Homogeneous nuclear reactors . In contrast to the reactors 
in which the fissionable material is concentrated at regularly spaced 
intervals throughout the moderator, it is possible for reactors to 
have fuel and moderator intimately mixed. The first reactor of this 
type was constructed in 1945 at Los Alamos, using enriched uranium 
salts (one part in six of U 23-> as sulphate or nitrate) dissolved in 
ordinary water as moderator. Although ordinary water cannot 
e used as moderator with natural uranium because too many 
neutrons are captured by hydrogen nuclei, it is possible to use 
it when uranium sufficiently enriched in U 235 is employed. In 
t e Los Alamos reactor the enriched U 23,r> solution is enclosed in 
a stainless-steel sphere of 1 ft. diameter. Helical coils through which 
coo mg water is circulated are arranged inside the sphere, so that the 
reactor can be operated at about 45 KW. Traversing the sphere is a 
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hollow cylinder into which samples may be inserted for irradiation in 
the neutron flux. The sphere is surrounded by a cube of beryllium 
oxide that acts as a neutron reflector (tamper) into which the cad¬ 
mium control and safety rods are inserted. An additional graphite 
reflector surrounds the BeO. The radiation shield around the entire 
assembly consists of 4 inches of lead i/ M inch of cadmium and 5 ft. 
of concrete. The shield is pierced for provision of a thermal column 
as a source of slow neutrons. Between the graphite and the thermal 
column is a slab of bismuth 8 inches thick, which is a very efficient 
Y~ray absorber but passes neutrons without great loss. Other reactors 
built on this model are the Oak Ridge Swimming pool type (1950), 
working at 10 KW, the M.T.R. Idaho (1952), with a power rating of 
30,000 KW and the Apsara at Trombay, India (1956) with a maxi¬ 
mum power output of 1,000 KW. 

The operation of these reactors is beset with many 
practical difficulties : e.g, t (i) Uranium is very active chemically 
and is easily oxidised in contact with air or water. To prevent this 
the uranium blocks are coated with pure aluminium. But then it is 
necessary to keep the temperature of the air or water in contact with 
the pure aluminium below 100°C in order to prevent corrosion of the 
aluminium itself, (n) The pile warms up very much and the cooling 
problem is a great one, while the heat gathered up by the cooling 
s 3 r stem is actually allowed to go to waste on account of the low effi¬ 
ciency demanded by the low temperature operation, (tit) The amount 
of neat which may be extracted from the U slugs directly is limited 
also by the low heat conductivity of the metal, (iv) Materials inside 
the pile become so strongly radioactive that methods of handling 
them from a considerable distance become essential, (v) The neut¬ 
ron radiation from the pile is so great and dangerous that no opera¬ 
tor can approach the pile which has to be enclosed in thick concrete 
walls. 

Applications of the reactors. The possibility of using nuc¬ 
lear energy as a super-power plant clearly depends upon the solution 
of engineering and metallurgical problems of extraction of the fission 
heat at a temperature high enough for the efficient operation of heat 
engines. There exists also the question of economy of the process 
as compared with other fuels in actual use. These points are being 
tackled, but have not yet been fully solved. 

The great advantage of nuclear power plants is that the 
production of energy involves only a comparatively very small con¬ 
sumption of fuel and the combustion of the fuel does not require any 
additional material, such as oxygen, for instance. Hence the harness¬ 
ing of atomic energy will enable powerful engines to be built, which 
will be capable of working for long periods of time without refuelling 
or taking on supplies of other materials. Already two nuclear power 
submarines, the Nautilus and the Sea Wolf have been built in 1958 
and pu^ in operation in America. These are fuelled with enriched 
U* 35 ; the heat generated by fission is removed by ordinary water 
which at the same time serves as moderator ; the water circulates 
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between the reactor a; ie boiler heat exchanger unit, where it 

t0 tbe water of tk e secondary circuit ihaintained at 
' ^ O00 0 required for the steam turbine. The turbine develops 

»,uiu n.±\ and drives an electric generator which feeds the engines 
that turn the propellers. These submarines are expected to do the 
. e * world voyage without refuelling. The construction of “port- 
i ype of nuclear on ^s which can be used in automobiles and 
planes is not yet feasible. It may be noted that the British reactor 
tfepo is used to heat laboratory buildings by circulation of the air in 

fln/f 00 byR *' ern , anc \ American E.B.R. operates a steam turbine 
whiclfi^isllioused 60 ^ 0 P ° Wer su * 9cient to supply the laboratory in 

i . I'J 16 reactors now in operation are used chiefly to produce 

T\c\Rf? n%U7 s T d °^ ier ra dioactive materials required for research pur- 
w t S 1 l 6 ^ . reactor operates, plutonium is being formed constant- 

lv fk; .r ram r bk)cka - When the action bas proceeded sufficient- 
y ’ ai ® “ 8810na ble plutonium may be separated chemically from the 

rpA/>tn.. uranium * produce one gram of plutonium per day the 
thifl > “ U8t °P erate continuously at about 1,000 kilowatts. From 
vWnl 18 Se ? n ^ production of plutonium means a reactor of 

S, 0 S12e developing thousands of kilowatts power and a chemical 
fcinnfl^ ■ plant to extract tne plutonium. Further, great precau- 

ftpHirS? lU8 r5f taken b y the operators on account of the strong radio- 
mill™ ^ the fission products. Reactors designed to produce pluto- 

onAraf- are • ?nL n asbreeder reactors . In America, the A.E.C. put into 
cLll * m l 9 tT an ex P enmen tal breeder reactor (E.B-.R.) for the 

Othpr^ ^ 238 an< ^ ^ >tj239 based on the fast neutron reaction. 

in a pre emcient fast neir ron breeder reactors are being built both 
in America and England. 

auftnf^* 16 rac ^9 ac t' ve fission products can also be recovered in large 
Hn - 1 ^s, which find wide application in several branches of applied 
4 ^-. f* PP* 985-7). If an aperture is made at the top o the reac- 

hA ( n ^ e un *f° rm beam of neutrons can be obtained, which can 

. or t o production of radioactive isotopes and further experi- 
a flm S n 11 ^ ysics, medicine, biology, etc. It has been reported that 
awn? fi 1 / heavy wafcer reactor with a few pounds of active 
oonstif 11 * e k m ° f a 8olution -surrounded by a neutron reflector 
well fi U *| e ^i r 6 most compact but most intense source of neutrons 
lientFrt l /° r 3abor ^°r y researches such as neutron diffraction, 
raHia** n e * eC ^5 0n i fl t' erac fion l etc. A spectacular example of Cerenkov 
arA 18 jk? erve d when the *‘hot’* fuel rods of a nuclear reactor 

m&nv m y a ^ er * Y' ra y s from the fission products produce 

guffs-f . 1 ® -speed electrons in the water and these travel with 

unsaturatod b?^*^ ^° exc * te C'Crc 11 ^ 0,7 radiation, whose colour is of an 

THE ATOM BOMB 

ploBivA+ nC *^%* atom ^ om b, which must necessarily be an ex- 

accomnr k ? of reaction, works on the fast neutron chain that is 
omphshed by bringing together very rapidly into intimate contact 
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two pieces of a fissionable material, such as U 235 orPu 239 each of mass 
somewhat greater than half the critical value. The two pieces, when 
they are kept separated, are perfectly stable and safe, since they are 
smaller than the critical size. But when they are put together by a 
mere mechanical operation, such as, for instance, a sudden jerking out 
of a thick cadmium screen inserted between them, the total mass be¬ 
comes greater than the critical value and in consequence will explode 
violently. No other mechanism for artificially inducing the explosion 
is required, since there are always some stray neutrons in any mass 
of metal produced by cosmic rays, and these suffice to start the chain 
reaction. It is essential that the chain reaction develops so rapidly 
that a considerable portion of the active material is affected before 
the explosion. 

Technical details, (i) The actual production of the atom 
bomb involves essentially \X\e preparation of Z7 235 or Pu 23 ~ in sufficient¬ 
ly large quantities. This is evidently an extreme^ complicated and 
costly project, but it has been achieved under the impetus of World 
W ar II as a major national effort in the U.S.A. Plutonium is obtained 
by the use of the uranium pile and of chemical separation plants, as 
already stated. The technique used for the concentration and separa¬ 
tion of U 235 forming a very small part of natural uranium is still more 
involved and difficult. But it has been achieved, of course at pro¬ 
hibitive costs, using chiefly the gaseous diffusion method and employ¬ 
ing very probably the only known gaseous compound of uranium, 
UF 6 . The gigantic and complicated installations involved in this 
work may be considered a unique achievement in the history of 
science. The whole project was highly speculative, until the first test 
bomb exploded in New Mexico desert according to theoretical 
predictions. 

(ii) As pure fissionable materials are used in the atom bomb 
without any moderator, the size of the bomb is bound to be far smaller 
than that of the pile , which eliminates transport difficulties to a great 
extent. The critical size depends upon the shape of the bomb an 
the nature of the material in which the bomb is enclosed. 

(m) The two pieces to be detonated are enveloped in a cover of 
a very dense substance, the tamper , which serves the double purpose 
of reflecting back into the bomb neutrons which might otherwise 
escape into air and of delaying the expansion of the bomb until e 
temperature and pressure of a high explosive is built up. 

Atom bomb in action. The atom bomb is the most terrific 
and devastating explosive so far made by man, although a more 
powerful competitor, the so-called “hydrogen-bomb’ \ has been 
realised more recently (Of. below). The ruins of Hiroshima an 
Nagasaki bear witness to its destructive power, estimated to be a ou 
that of 10,000 tons of trinitrotoluene (T.N.T.) In the actual ex¬ 
plosion which occurs in a couple of microseconds after the detona ion 
and for which only a portion of the active material is effective, t e en 
orgy liberated is sufficient to raise the temperature to the or er o 
10,000,000°C and more and to produce a pressure of several mi ion 
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^fniospheres. Since radiation is proportional to the fourth power 
• • temperature, the explosion will be accompanied *by a violent 
and intense blast of visible, ultra-violet. X-ray and y* ra y radiations 
(tls * n g a blinding flash. A large quantity of radioactive matter is 
a so released both by the fission products and by the action of the 
emitted Y-rays and neutrons. Under the conditions of such high 
emperature and pressure, the active material itself will get qnickly 
vaporised and expand, causing a fall in the density, diminution of 
neutron absorption and the consequent collapse of the chain reaction. 

p' 1 5 1 ^ b the explosion lasts is very small and depends on 

V* e ra ^ e °f expansion of the active’material. The radioactive sub- 
fi aaces formed are carried away by air currents and will die away if 
ey have short period, or get deposited on surrounding objects. 

^.°* e : (1) Source of stellar energy. With the knowledge 

game m studying various types of nuclear reactions, it has now be¬ 
come possible to provide a satisfactory exp anation of the origin of 

radiated by the stars. Considering, for instance, the sun 
jjmch 0n ® the innumerable stars forming the Milky Way, we 
now that it is constantly radiating energy and yet its temperature 
sensibly constant, 6000 C C at the surface, while in the interior much 
jugher, having the tremendous value of 20,000,000°C at the centre. 

I 7 6 sur * ace temperature can be readily estimated by measuring the 
constant J and applying Stefan’s law of radiation, while the tem- 
Fpra ure at the centre can be calculated from the surface temperature 
mat f 0 ® 1 the heat conductivities of the gases constituting the 
i i' ” ' 1 '' Ji The constancy of the solar temperature implies 

f i , SOme _ P r °cesses are taking place in the sun which make up for 
the loss of energy by radiation. 

thp and . Weizsacker were the first, in 1939, to propose a 

in ^ 0nuc ^ exiT origin for stellar energy t t.e the production of energy 
m the sun and the stars is due to 

nuclear reactions caused by the 
very high temperatures in their in- 
fa, r i? r ' ^ nuclear reaction being 
• f ^ a ^ a ®t collision, at the actual 
nternal temperatures of the stars, 
collisions, chiefly of light atoms 
wnich have enormous thermal 
^ oci les, becon.e nucleardisinteg- 
10 ns. These thermonuclear pro- 
^® Se ® 111 ^bich light atoms are in- 

correspond to the pheno¬ 
menon of fusion of two small liquid 
£op 3 of the Bohr-Wheeler theory. 

t Su . ^ses the speeds of the in- 
teraetmg particles must be great 

nough to overcome the electro- 
noted ( 5 U p S 990 ? 8 Sn h h aVeal 5 6ady 

bed in the extremely hot in- 
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terior of the stars. In these processes, very large amounts of energy 
are released which are transformed into radiation. The energy radi¬ 
ated from the surface being thus constantly replenished by the nuc¬ 
lear energy produced in the interior, the state of the star will remain 
constant, as long as the nuclear reactions can go on. 

Combining the information concerning the central temperature 
(about 20 x 10® °C) and the hydrogen content (about 35%) of the 
sun with known facts about the rates of various nuclear reactions, 
Bethe showed that a carbon-nitrogen cycle ” was mainly responsible 
for the production of solar energy . This cycle consists of a chain of 
nuclear transformations in which hydrogen is converted into helium ,, with 
the aid of carbon and nitrogen as catalysts , the highly energetic thermal 
protons constituting the projectiles in the successive reactions . A proton 
collides with ordinary carbon (C 12 ) and forms the lighter isotope of 
nitrogen (N 13 ) N in a (p, y) reaction. The nucleus N 13 being radioac¬ 
tive, emits a positron and is transformed into the stable heavier iso¬ 
tope of carbon (C 13 ). Being struck by another proton, this carbon 
is transmuted into ordinary nitrogen (N 14 ) in a (p, y) reaction again. 
The nucleus N 14 collides with still another proton and produces the 
unstable oxygen isotope O 15 which decays with positron emission to 
form the stable nitrogen isotope N 1S . Finally, this N 15 reacting with 
a fourth proton breaks up giving a carbon nucleus (C 12 ) and a helium 
nucleus (He 4 ) :— 

6 C 12 + t m -► * 7 N 13 -f Av 

* 7 N 13 - > 6 C 13 + e + (T = 9*9 mins.) 

6 C 13 + jHi —► 7 N 14 + Av 

7 N 14 + jH 1 -► * 8 0 15 + Av 

* 8 0 16 -► 7 N 16 -f e+ (T = 2*1 mins.) 

7 N 15 4- -► 6 C 12 + 2 He 4 

It will be noted that these reactions form a closed chain or cycle, re¬ 
turning to the starting point after every six steps. The chain of re¬ 
actions can start with either C 12 or N 14 and end in the reproduction 
of the same nucleus with which the chain is initiated. Carbon and 
nitrogen therefore remain unaffected, enabling the cycle to continue 
and hence they may be considered to act as mere catalysts. The net 
result of the chain is the consumption of four protons to form a 
helium nucleus. The period of a complete cycle is estimated to e 
about 5 million years. 

The amount of energy liberated in this chain of reactions can be 
readily evaluated from the mass deficiency involved. 

The mass of 4 protons = 4 x 1*00813 = 4*03252 m.u. 

The mass of a helium nucleus = 4*00386 m.u. 

Mass that has disappeared = 0*02866 m.u. 

Hence the energy liberated = 0*02866 x 931 = 26*7 

according to Einstein’s mass-energy relation. Considerations o 
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amoul,t h o?en?r^ d ° f the 8UD Sh ° W that this 

ternal temnewii rgy / 8 ®u° u gh to keep the sun going at its present in- 

S^n K f ° r a r 0Ut 30 billion y ears - Assuming that the 

earth the aro of fh ®® 11 formed not u'uch before the formation of our 

theearth g ® f u e 8 un o mustbemoreor,e88the »<ne as that of 

coLidemd 9 tn,’ 8b ° Ut V® i bil,i °? y« ar8 - Hence the sun must be 

tne present intensity for billions of years to come. * 

tioned A o?r°h?i Dg -. t0 modern , viewe of stellar evolution, the above-men- 

0fTht C : t t n A m r ge \ CyCle , C r eS at a rather late sta 8 e in the life 

atrc Sf, aP ° lnt, " 8paCe - U oder the influence of gravitational 
of temDerati^rfl ma8 +-^ d .?* atter « raduan y contracts, resulting in a rise 
stage there t !k part is about 200 - 000 °C- At this 

*° fom . deute““Tgiy^Tp m °' Sy f ° r * io^raaion 

* Hl + ^ -► i» 2 + c+ + v 

Zp!nhlI?!!2 Wed ^ P™ to " »««•». resulting in en 


iD* + ,Hv_ 
aHe 3 + jH 1 


> jHe 3 4 - y 

2 He 4 + e + 


S*e Sar?/af£eJ fW tt 11 ‘® main * ^responsible for the luminosity of 

jointer than the sun, e.g., the so-called red-dwarfs. 

hausted, the °stai^ ^ ea f 8 ’ w h en ®H the deuterons are ex- 

porature rises to abou^b 000 g 000°c nd j^ > T s h hottep and the core tem- 
protons, are now <rr^a+ * C- The thermal velocities of the 

elements such U T i ^ Ug n t0 a °7 them to int eract with heavier 

The star is now said^o S aga 'u f T m ’ ng He a8 the final nucleus. 

for the luminosity of thi* 8 n°V gb t , l ° '‘^ ant stage", accounting 

three tynes ^ «,°i tbe , 8 °' cal,ed " Ted giants". When all the abovf 
in, with the irfcrease of l!, aVe be ! n desfcr °y ed . further contraction sets 
nitrogen cycle Wn/ t0 20 ’? 00 .°°0 o C. The carbon- 

important radiatinf Mfe nf til f ge ’ wu Pplyin g eaer 8 y for the most 

finally exhaust g tK / the 8tar ' When the proton content is 
almost at the end of it« * * r undergoes a rapid contraction and is 

to these last nlfaseVof 1 ^® ®°' Called " white dwarfs" belong 

final contraction soon .i T ?f 6 ' ener gy liberated during the 

sometimes in catastronhf *1 th ° thermonuclear energy resulting 
fB and ° 8 i 0n L a8 6Videnced in ^hatare known 

l°ng to the cateeorToflt ' th ® SUn may be considered to be- 
ternal temperature^™ * -7 h,Ch are stl11 y° u ng, although its in- 
of solar energy mi®^"i! 8 ^ 8 8 >” in matu re life, the production 

nitrogen cycle interactions. b ° th th ® P roton -P r °ton and carbon. 

“ ‘“Ikod Sutll^chlt’th^lctll® T tchaniam of this bomb which 

mucn at the actual hour, as an explosive 1.000 
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times more powerful than even the atom bomb, must be similar 
to that of the production of stellar energy, viz., the fusion of hydro - 
gen or other light atoms into heavier ones , with release of enormous 
energy. Hence it works just the opposite way to that of the atom 
bomb, where very heavy atoms break down by fission. The essential 
conditions required for the operation'of the hydrogen bomb are the 
extremely high temperatures and pressures that are present in the 
interior of the stars promoting thermonuclear reactions. To repro¬ 
duce these in terrestrial matter i£ not easy. But such conditions, 
have been realised by using the afom bomb as a "primer* * which by 
first exploding could provide the? very high temperatures and pres¬ 
sures necessary for the successful working of the hydrogen bomb. 


The superiority of the hydrogen bomb over the atom bomb is 
probably due to the fact that it has, not, in principle, the limitation 
of a critical size , unlike the atom bomb. If the active material in 
the atom bomb exceeds the critical mass, spontaneous explosion 
results. On the othef hand, any amount of active material can bd 
used in the h 3 7 drogen bomb, which would not start exploding until 
part of it had been heated to the ignition temperature. The first 
hydrogen bomb, prepared in America and nicknamed “Mike , was 
exploded in November 1952 at Eniwetok in the Marshall Islands. 
The explosive violence of Mike was equivalent to 3 million tons o 
T.N.T. The fuel used for the thermonuclear reaction 1 was probably 
liquid deuterium and was fired with an atomic bomb “trigger. 
Mike weighed about 65 tons and was not a transportable bomb. jr 
August 1953, the Russians exploded a thermonuclear bomb, wine 
had a less explosive power, about 1 million tons of T.N.T. only, u 
was technically more advanced than Mike, since it was a transpor 
ble one and very probably the fuel used was other than iqui 
deuterium. Of the following possible thermonuclear reactions . 


xD* + 

J ) 2 + X D 2 


* a He s -f- ftv 


* X H 3 + iH 1 


jH 3 + jH 1 -► a He 4 + hv 


X H 3 + X D 2 -> 2 He* + o^ 1 


only the last one develops with sufficient speed (of the °?J* er 
sec"). Hence deuterium ahd tritium should be ordinarily © p i 
in the construction of the hydrogen bomb. 

A pure fusion bomb will not produce any bad after-effects, since 
the end products are not radioactive ; but the radioactive 88 
ducts of the ‘primer’ atom bomb will always be present. 1“ n( j 
produce a clean bomb , t.e., a fusion bomb without ra , * mer 
products; attempts have been made to replace the atom P 

by a chemical trigger, i.e to produce the required temp©i» 80rne 
million degrees by firing a chemical explore con tamed r 
specially designed container (principle of shaped charges), 
the possibility of the large number of high energy neutrons 



I 




HYDROOEN BOMB 


1017 


during the explosion inducing radioactivity in the surrounding air 
and dust cannot be neglected, but compared to the fission the effect 
will be very small. The so-called N-bornb (neutron bomb) is a c)ea,n 
bomb, produced by tailoring the energy of a fusion explosion 
(H-bomb), so that, instead of heai and blast, its primary product is a 
hi ; st of neutrons. Such a burst would operate as a king of death rays. 
It would do next to no physical damage ; it would result in no conta¬ 
mination ; but it would immediately destroy all life in the target 
area. ^ This, of course, would make it an ideal battlefeld weapon. 
A fission atom bomb is inherently dirty . 


(3) The rigged H-bomb. It has been found that when the 
hydrogen bomb is encased in a special metallic sheath, still worse 
effects are produced by the giving off of lethal radiations and this, 
in some cases, for months and years. Such a contrivance is popular- 
y called the hgll bomb . T he so-called cobalt bomb is one oj this kind, 
usists in encasing the hydrogen bomb in a sheath of metallic 
cobalt, Whon the hydrogen bomb is exploded, the neutrons that 
are emitted act on the cobalt cover and render it intensively radio¬ 
active, due to the formation oi Co 00 which is some 320 times more 
powerful than radium. If, or example, the bomb contains one ton 
°* deuterium, 250 lbs. of neutrons are produced. This acting on 
Tcut would produce 15,000 lbs. (7£ tons) of radioactive cobalt 
)» equivalent to 4.800,000 lbs. (2,400 tons) of radium. The half 
penod 0i Co 60 is about 5 years, i.e., after 5 years it will be reduced 
to 1,200 tons, after 10 years to 600 tons and so on. During the ex¬ 
plosion, the cobalt will be narurally pulverised and converted into a 
gigantic radioactive cloud that will kill everything in the area it 
blankets Nor will it be confined to a particular area, since the 

i alie it in distant parts, thousands of miles away, carrying 
death anch devastation wherever it reaches, and this for many years. 

The transportabie ‘thermonuclear bomb’, built by the Ameri- 
cans and exploded in March, 1954, is perhaps another of the rigged 
n-bomb type. This bomb had an explosive power of 15 to 20 million 
lifil* ° ^ . ^ ccor ^i n S available reports, the fuel used was 

fK ni K m u 6Uteride d a com P°und of lithium and deuterium). When 
m exploded by the use of an improved form of atomic 

_ 130 as • tritium (H 3 ), an unstable heavy isotope of hydrd* 

: n »^ va ® Produced on the spot by the capture of neutrons, released 

riiiin K *tf 10n core, by Li 0 , The fusion of tritium and deute- 

thermonuclear fusion process produces fast neutrons in great 

JV ttle8 ‘ _ These are absorbed in an outer sheath of U* 38 which 

©rgoes ‘fast-fission’ and releases enormous quantities of 
a eJIJsxJ* 1 } densely radioactive fission products. Hence it is 

reaction type of bomb, wheie thermonuclear 

as thn ° f secondar y importance. The use oi fast fission of U 230 

a nn rMv P roce88 makes this bomb much more dangerous than 

damaM^ _ ermcmuclear bomb from the point of view of radiation 

comDfri S nn The 'fK are £ enerall y referred to as «high yield 9 bombs in 
prison with ordinary atom bombs, which are of *low yield* type. 
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The high yield bomb is essentially a * radiological * weapon, in the 
sense that the damage caused to human life by the radioactive end 
products outweighs the damage caused by its blast and heat radi¬ 
ations. Of the long lived radioactive end-product the isotope Sr 00 

(strontium) presents the greatest danger. For its period is 28 yrs. 
an it is chemically similar to calcium, the most important consti¬ 
tuent of our bones. When Sr 90 falls on the ground it is assimilated 
^ ? plants along with Ca in the soil and gets into our system 
directly through the grains and vegetables we eat and indirectly 
through cattle (milk, meat, etc.) which live on grass. Once deposited 

m . one ® r9 ° ®tays there for years and can cause bone cancer, leukemia 
and other diseases of the blood. The danger of Sr 90 is greater to 

children and undernourished people because of their large need of 
calciujn. 6 

(4) Controlled thermonuclear reaction* A means of 
producing useful power from the boundless supply of hydrogen in 
ocean water was discovered in I960 by Dr. F. H Coengsen and 
collaborators at Berkeley, California. With a system of powerful 
magnets, a cubic inch of hydrogen was squeezed until it reached a 
temperature of 35 milliorf degrees. In this state, some hydrogen 
atoms were added which formed the light variety of helium (He?) 
with the production of a cloud of neutrons and a release of more 
than 3 MeV energy per atom as by-product. The reaction lasted 
1/1000th of a second, which though far too short to be practical was 
much longer than the result of previous experiments (1/10 6 sec.)< 
The reaction looks like a real thermonuclear reaction, because oi 
(t) the power interval, which means that hydrogen was contained in 
the magnetic grip for a significant space of time and ( it) the reaction 
produces 10,000 helium atoms from 20,000 heavy, hydrogen atoms, 
which means that neutrons should be ejected in the formation of 
He 3 . Neutron counting instruments around the magnet recorded 
10,000 neutrons coming through the machine’s walls during the 
thousandth of the second, which is considered as a further evidence 
that fusion has taken place. 












CHAPTER XIV 

Cosmic Rays 





Introduction. Cosmic rays are extremely penetrating radia¬ 
tions, coming from where we do not know for certain as yet, but 
doubtless from regions very far away from the earth, and continually 
bombarding it on all sides with more or less uniform intensity. In 
the domain of modern physical researches, these rays occupy a uni¬ 
que place on account of the extreme complexity of the phenomenon, 
the delicateness of observations, the adventurous excursions of the 
experimenters, the subtlety of analysis and the ingenuity of deduc¬ 
tions. 1 - fact, the study of cosmic rays has proved itself to be a 
subject vast enough to captivate the closest attention of hundreds of 
workers all over the world and difficult enough to tax the keenest 
wits of many great theoretical and experimental physicists. During 
he past five decades, since the first experiments were made, hund¬ 
reds of articles have been published and several books written on 
cosmic rays ; yet one is forced to confess that our knowledge of these 
mysterious rays remains still far from being complete. 

All the same, information already gathered from the incessant 

researches of eminent scientists such as Millikan, Neher, Compton, 

Anderson and Neddermeyer in America, 

«ea8, Bothe, Kolhorster, Bethe and 
e !^ er * n Germany, Auger, Ehrenfest 

n> ^P^nce Ringuet in France, 

-Blackett, Occhialini, Powell and their 
co-workers in England, Clay and his asso¬ 
ciates in Holland. Piccard, Cosyns and 
maitre in Belgium, Rossi in Italy, 
tvegener in Switzerland, Bhabha and Gill 
India and a host of others, have defl- 
ru ely established the importance and in- 
erest attached to the study of cosmic 

. *™e chief reason for such an en- 
^msiastie and almost universal scientific 
u y of these radiations of extra-terres- 

ma y be briefly stated as 
_<>W8 : Although the investigations have 

nature ^ towards the tinderstanding of the precise 

careful on ip n °f these rays, yet it has become clear that their 

structurl Pl ^ tl0n . Can add c °naiderably to the knowledge of nuclear 

which nrA a 0 A fj tW ° n *T P 8,11 * 0168 * the positron and the mesotron , 

neutrons ta W Un u &m0I1 v tlie n ? c * eus as electrons, protons and 

nave been discovered in cosmic ray researches. More- 



Prof. L. Leprince Kinguet 
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over, our present understanding of the mechanism of the internal 
structure of nuclei arises chiefly from the departure of energetic par¬ 
ticles from nuclei as in radioactivity and the penetration of fast pro¬ 
jectiles into nuclei as in artificial transmutation. These phenomena, 
important as they are, do not take us far towards unravelling the 
mysterious forces that bind the nuclear particles into stable units, 
because the projectiles involved in these processes are not energetic 
enough to probe fully into the interior of the nuclei. In cosmic rays, 
on the other hand, particles have been found with fantastically large 
amounts of energy, of the order of 10 12 eV and more, which are cap¬ 
able of exploring the interior of nuclei with much greater effective¬ 
ness and thereby lead to very important results concerning their in¬ 
ternal state. The study of cosmic rays, therefore, naturally consti¬ 
tutes an important section of nuclear physics. 


Discovery. The discovery of the cosmic rays may be consi¬ 
dered to have originated in a simple observation made by C.T.rt. 
Wilson, Elster and Geitel as early as 1900. They found that electro¬ 
scopes exhibited a small residual leak, in spite of the best insulation. 
This could have been caused only by ions about the instrument. 
But the surrounding air could not have been the source of these ions, 
as its conductivity was found to be constant. Hence, it was con¬ 
cluded that there must be some external agency other than air, which 
continually made good the loss of ions due to the residual discharge. 
This surmise was further confirmed by Rutherford and Cooke, in 
1903, who showed by the use of absorbing screens of iron and lead 
that a considerable part of the permanent ionisation was due to a 
penetrating radiation coming from outside the instrument . 


It was thought for a time that radioactive matter occurring m 
small quantities everywhere ? in the earth, surrounding atmosphere, 
etc., might be responsible for this penetrating radiation. If this were 
so, the rate of discharge of an electroscope should diminish 
ably at very great altitudes, far removed from such influences. 1 
inference wa^ tested by balloon observations by three German 
tists. In 1909, Gockel, measuring the rate of discharge with a vv 
electroscope at different altitudes up to a maximum height o » 
metres, found that the rate of discharge diminished niuc . 
slowly with height than could be explained by the hypothesis 
the penetrating radiation was of terrestrial or atmospheric origin. 

In 1911-14, Hess and Kolhorster, using sealed ionisation charn- 
bers, extended the balloon observations to much higher a 
than Gockel had done and found that above a few hun re 
the intensity of radiation increased with height continuous y P , 
D,00G metres, as much as five to ten.times the value at g rou ** PAf « 0 I 
which, of course, could not happen if the radiation was due o _ 
active conlarpination of the earth, since it would then JL tPflS of 
completely absorbed in gping up through a few hundre . , . 

atmosphere. Xfenee it appeared certain that the radiatio _ _ 

origin outside the earth and its atmosphere. Furthermore, 
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t .at the radiation produced effects at the earth’s surface and was 
able therefore to penetrate the entire atmosphere showed that it was 
lat won . jietrating than even the y-rays from radioactive subs¬ 
tances, Kolhorster’s experimental data proved that the new radia¬ 
tion was absorbed only to about 1/10 the amount of tho hardest 
y-rays. ence these authors concluded that an extremely penetrating 
ype oj radiation whose origin was entirely beyond our atmosphere fell 
upon the earth almost uniformly in all directions. They called it by 
the special name “hohenstrahlung or “ultrastrahlung”, ( i.e ., radia- 
tion Irora high above or beyond our atmosphere). All later investi- 
g ioiw have supported this interpretation of the phenomenon, which 
ay therefore be considered as the discovery of cosmic rays. 

f . k ^ be ^ r3 , fc World War d914-18) interfered with the continuation 

0n the newly found radiation and it was only in 
„ , at tu . rtl ier investigations were restarted by Kolhorster and his 

In iqoq c? v ,? ermany and Millikan and his associates in America, 
in <3 n i , horster worked at the mountain station, Jungfrauioch, 
ant r * ZG f ’ ‘f 1 ordor to obtain a reasonable intensity of ionisation, 
f i„ • 0U ” 4 that the intensity ol the incoming radiation was the same 

nrovJi an< L , oven du ring a solar eclipse. This was dis- 

.1 . But Kolhorster concluded from his observations that 

s t. °Jthe radiation could not. be the sun, nor even the stars, but 

uld be somewhere far beyond our galaxy. 

of and his associates, in 1925-26, studying the absorption 

hiob mn Ta * S - , tbe sno "’- fed (and hence non-radioactive) water of 
with ?h.. ntai l - akeS and findin g that the absorption in water agreed 

was on^lif*K ,r C ? nfir T d the o pi n ' 0 n that the origin of the rays 
these ah«n e a t nios phere. Further, from the data obtained from 
main 2 ?%* experiments, Millikan made bold to affirm that the 

a 111*,? ene \ rattng TayS might consist of energetic photons of 

of thf lmiM < “ rC, r ( v^ € eC<r0, ' M5 ' 7leac radiation ), emitted in the process 
However fl , n ?h he ^ Um nuclei from hydrogen in interstellar space, 
these rava .V i e ^ ldenae has become overwhelming that most of 

than was 5 an electrically charged and of a higher order of energy 

first su e a ea tfrm 0Sed 4 ** has be ® ome necessary to abandon Millikan’s 

radiatiifn comPnn t th - e reaI existenc e of highly penetrating 

the name 0ute J' Space - however, there is no doubt, and 

them hascom^R rayS ’ fir8 ?, empl ° yed by Millik an to designate 

™aS^ S,tbi”S y Tl "" dl, “ v " y of 

researches on cosmic rays 

tions have helm (iT '°u definite discovery, extensive investiga¬ 

te know more aboutl ° Ut °? th ° Se radiationa * ^iefly with a view 
existing atomic to 1 ^ nature - composition and properties. The 

needs ff a ^“‘ C tu dv of aV ° be ° n ra0(bfied and ada Pt« d to suit the 

eniallness of the 6 ^!^^ 03 ^ 10 !,^! WhlC |j ar « characterised by the 

s to be observed. The experimental data 
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gathered are vast and often overwhelming. We shall limit ourselves 
here to a brief survey of the main aspects of these studies in order to 
bring out the salient features of the cosmic rays. 

APPARATUS USED IN COSMIC RAY RESEARCHES 


A. The cosmic ray ionisation chamWer. For the study 
of cosmic rays, the ionisation chamber has been improved chiefly in 
two directions in order to measure as accurately as possible the small 
ionisation current produced by them. The Neher’s electroscope and 
the Compton’s Carnegie model ‘‘C” cosmic ray meter may be cited as 
typical examples of these modifications. 





oscope is a very rugged , light-weight, tiU- 
nt , devised by Neher (1936) and well suited 
to the study of the altitude effect. It is 
represented diagrammatically in Fig. 305. 
It is made entirely of fused quartz, con¬ 
sisting of a movable cross arm, C, 30^ 
thick, fixed to a 5/^ stretched fibre F. 
The cross-arm is bent at right angles at 
one end D where it is drawn out to 10#* 
thickness, and is well balanced. The 
image of D, magnified ten times by 
means of a lens, is cast on a recording 
motion picture film. The fibre E serves 
as a reference mark and the parts G an 
H combine to give a linear scale over 

thpi whole ranee of discharge. 


Fig. 305. 

Neher’s electroscope 
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the centre of the sphere. 

The chamber is shielded 
from local radiations 

by surrounding the 

steel bomb with an 
outer shell filled with 
lead shots to an equi¬ 
valent thickness of 
about 11 cma. solid 
lead. A method of bal. 
anting is used in the 

measurement of cosmic 

intensity by the 
iollowmg device. The 
current to compensate 
tne ionisation current 

COSmic rays is ^*8- 306. Model *‘C” cosmio ray meter 

£M^/ h ;it, ti0 b V The U fl ed r * Cham- 

The compensating OI ,-L ?■ j. P ' ra / 3 from a uranium source U 
toe mean cosmil “ adjusted to approximate equality with 

cosmic rav into •. ^ i nisation current, so that small chanves in 

great S&ZSZSSL h ‘ r * h ‘" . ,l “ *°* al int 6 »«i'.V is recorded * 3 A 

pressure or temperature chan™ th r tj 1 automat,ca lly compeneatee 
neter connected chan P® of the g as - A Lindemann electro - 

« eam^SS taten,',yThrH l . < ’'?° tr0<iO TT*! “*» <*•"*» in the 
electrometer needl* W 7 ’ h d, 8 P lacemen t of the shadow of the 
scope on to « b n £ Projected through a compound micro 

readings of a barometeTand aTh " 1 " 8 01 P hot °graphic film. The 

'»me fil m . ter and a thermometer are also recorded on the 


balance 

chamber 


pure arcon 

*0 ATM. 


KEY RELA’ 


? mins, at^he^evinnf cen , fcral oleetrode is grounded for a period of 
18 then left insulated for V 7 6Y ® ry h . 0ur a cl °okwork mechanism ; it 

system and communicatedt^tb ^ n °i ohar « e in toe 

formed by the ISl?" automatic sensitivity calibration is per- 
electrode 7 th8 ^, lca tmn of a known voltage to the cental 

Y ifch its assocla coun ‘ ers • The Geiger-Muller counter 

the 11 - {Cf PP - 896-901) indSdiwther ? arti ® ,e8 ' as we have already 
toe investigation of cosmde srefore be a very useful tool in 

Bin*! numb eM of ionisinir nartinll?^”*.° ! “® has to dea l with relatively 
8, ugle particles > But P» rtl clos and in many cases even with 

> squally sensitire 'to dTSm a PP arataa i» that it 

"**““■ •« p~«t -A 
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active contamination of the surroundings, which masks to a large 
measure the small effects due to cosmic rays. This limitation nas 

been removed to a great extent by a simple and ingenious device 

known as the coincidence counters, first conceived and used by tfotne 
and Kolhorster, in 1928, and then improved by Rossi and others 
that the G-M counter has now become a very powerful weapon in 

researches on cosmic rays. 

l r Jhe device consists in arranging two or more counters in such* 
way that a record is made only when all the counters isc a g 
almost simultaneously. This type of discharge is known a9 / 
dence, which may be due either to a single particle passing th g 
all the counters at the same time practically, or to two or m 
separate particles coming by chance one to each counter a e 
instant. The former is considered true coincidence while the 
chance coincidence .) In cosmic ray work, the two kinds 0 . 

cidences can be differentiated, since the number of chance 
flences can be readily estimated from the separate counting ra 

each counter. 

Bothe and Kolhorster, using two counters arranged one * °*t 
the other and recording on a moving photographic him ru » 

1 cm./sec. the counter discharges which were considere . • 

dences if within 0-01 sec. of each other, obtained many m i 10We d 
dences than could be explained by chance occurrences and s 

that the coincidences left over after those due to chance n ^ 

deducted, were due to particles which passed through 
counters. • 

Rossi, in 1930, improved the coincidence counter fe _ 

the following two ways: (i) Use of three counters in 



Fig. 307. Coincidence counter set.(Rossi) 
cording only when all three counters respond swnrdt hardly travcr ^ 

way the possibility of chance coincidences which than , n the 

all the three counters, is much more effectiyelyel ^ genuine coin^ 
Bothe-Kolhorster two-counter arrangement, Qu h g al i the thre 

dences due to penetrating particles passing 
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S^ r8 JX^ UnC , h - a T, ed - , {ii) Use °f an electromechanical device 
Th.-fic L photographic film, for recording the discharges of the counters’ 
Thi 8 is accomplished by means of modern electronic selecting circu it' 
schematically shown in Figs. 307 and 308. 9 ' ’ 

Three counters C lt C a and C 3 , arranged one below the other in n. 
line, are connected to the grids of three triodes A, A and A in such 

a~ <* 3s.“^r 

torn d t^ m0n u th l emselves and communicate with the grid of a detec 

These Elements "of 'the^r f ? k * bia * * resist™. 

uese elements oi the circuit of the plates are so recml-,teH that .k, 

2?™ “«»»“% no cur! 

such m PH / n n d ° 1 ° ,r L culfc - Now * if an energetic cosmic ray 

Q traverses all the three counters almost at the same timV 

currentT'm al^h‘"T/ simultaneo U3ly in all of them and the flow of 
Thfe < a.,^« “ He ^ lree corresponding valves is completely cut off 
luxe causes a momentary decent rise in the <md potential of tfiA 

Cuit°actuatin^' 7 8trong P ulse ° [ current flows in its plate cir- 
uit actuating a telephone which produces an audible click or n 

chamca! counter which records' the coincidence If on the othe^ 

cor^4 nl y. one °' 1 two of the counters are affected, the currents in the 
i valves are cut, but as nothing happens --in tho thir l 

ed S’JLijff P otenfc,al of the detector valve is not sufficiently alter- 
permit a pulse of current in Its output circuit. 

amone “th^ 11 arran g? me u nt of val ^es acts as a selector, which chooses, 
g various discharges in the counters, only those that occur 



Fig. 308. Coincidence circuit for G-M counters. 

dent'^ffecbTiJfthe^oi^f coun i?, rs ’ thua eliminating the non-coinci- 

pect to the counters as seen in^i^SoS 3ym ™ tric wifc h res- 

number *of them t+ • * u an( ^ a dows the use oi any 

the following& 13 to b ® remarked that the selector circuit has 

Wmg t88ks t0 accomplish, viz., (a) to make the amplitude of 
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the final pulses to be as constant as possible and their period as short 
as possible in order to reduce the number of chance coincidences, 
without however missing true coincidence and (6) to modify the 
period of the final coincidence pulses to a value required to function 
a mechanical counter. 

This kind of grouping of counters is sometimes called a cosmic 
ray counter telescope, for it can be pointed in any given direction 
and made to record the passage of the cosmic rays in that direction. 
Bernardini and Johnson, using such an arrangement of counters, 
were able to establish an outstanding characteristic of cosmic rays, 
viz., their incidence on the earth with uniform intensity from all 
directions. 


Other combinations of counters are also used, depending on the 

Thus, for instance^there is the 
arrangement known as the 
shower-counting array [Fig* 
309 (a)], first /used by Rossi 
in the study of cosmic ray 
showers. With three counters 
Ci, C 2 and C 3 arranged not in 
a row but as shown in the 
figure, chance coincidences 
will still be rare but a single 
energetic particle cannot pass 
through all the three. At 
least two separate particles 
are required to function this 
arrangement and the more 
particles there are in the 
simultaneous group, the more 
surely at least one will pass 
through each counter. ^Parti¬ 
cles incident in this way in groups are assumed to be of common 
origin and form a shower. 

Fig. 309 ( b ) represents another set-up, called counters in anti¬ 
coincidence, which has proved a very powerful means of investigating 
the nature of cosmic rays. A count is recorded only when Ci and C* 
operate, while A the anti-coincidence counter does not. A is ordinarily 
a group of counters so large that a particle passing through Ci and 
must necessarily pass through*A, unless something happens to it in 
between; for example, if it stops in an absorber before reaching A W 
shown in the figure. j 

C. The scintillateoftvcoimters* The scintillation counter 
technique, already* describ 'cu\Cf, p- 901), has lately been employed 
in cosmic ray researches witn greater efficiency and better results 
than the older G-M counter equipment. The new type of counter 
has decidedly two advantages over the older one : (i) Reduction of 
background effect : the gas-filled G-M counter often shows larger pulses 


nature of the researches to be made. 



Fig. 309. Some important 
arrangements of coincidence counters. 
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(caused by the background particles) than are due to the particles 
under investigation and the unwanted particles are more numerous in 
the ratio of, perhaps, 100 : 1 ; this cannot happen with a scintillation 
counter. (n) Comparatively short resolution time : the G-M counter 

has a comparatively long resolution time so that the maximum per¬ 
missible counting rate is relatively low, the ‘useful counts* to be re¬ 
corded thus being but a few per minute ; but with the scintillation 
counter, data which took several months to obtain can now be re¬ 
corded in a matter of days. It is to be noted that the ‘telescope* 
arrangement, ‘coincidence* and ‘anti-coincidence* techniques can be 
readily employed with the scintillation counters also, as in the case 
of the G-M counters. 

D. The counter controlled cloud chamber. Skobelzyn 
was the first, in 1927, to observe accidentally tracks of cosmic ray 
particles in the cloud chamber, but the magnetic field was not strong 
enough to deflect them. Anderson, in 1932,-placed a cloud chamber 
m a very strong magnetic field, investigated the tracks of cosmic ray 
particles and discovered the positron. 

In the same year, Blackett and Occhialini made a very sub* 
8 ntial contribution to this experimental technique in the study of 
cosmic rays by introducing a most ingenious 
an economic device of operating the cloud 
p her with the coincident discharges o 
eiger-Muiler counters. When a cloud 
cnamber is worked at random, due to the 
^ethciency of the apparatus during the 
relatively long “resetting** time on the one 

rtkv comparatively rare cosmic 

y phenomena on the other, only a low 
PWjentage (about 10 to 20%) of the photo- 

w>?£k taken °° n <»in cosmic ray tracks, 
film a , means uneconomical use of time and 

m«nfirv° °7 ercome this difficulty, the above 
fullv au thors conceived, and success- 
thp> oah U ln ^° °P er ation for the first time 
is nnm n er ' COntro ^ e ^ cloud chamber which 

genera y employed. Prof. P. M. S. Blackett 

uMeSZZZS 1 * of the “'PParatus are shown in Fig. 310. A 

of large cloud chamber E, well suited for cosmic ray work, 

through whiVn a gla-ss plate window G on the front side 

a piston P trac £ s are photographed, is used. At the back, 

to the side* ? u a ^fht metal, such as duraluminium, is supported 

enables thA mo* * chamber by a rubber diaphragm RR which 

mo L e e asily and rapidly during expansion. 

may be filled with < ^® er T a,t ? or \ chamber gas-tight so that the latter 

Pension ratio Th« . ny 8*8 at a pressure required by the ex¬ 

ion ratio. T ie two adjustable screws SS serve to control the total 
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movement of the piston and hence the expansion ratio. The space be¬ 
hind P, closed by means of light, smooth and quickly operating valve, 

V, is filled with compressed air so 

© that the pressure on both sides of the 

piston is the same. When this valve 
is released, the compressed air rushes 
“ out into the chamber A which is in 

r- fV ' ! ! communication with the outside or 

^ V [ J may be even evacuated if required, 

R 1 '| , ( and the piston falls quickly com- 

^ * i . pleting its stroke within 0*005 sec. 

nft j ! \ | and causing a sudden expansion in 

S i . | the cloud chamber. 

: v=f a P * E , G 

S fksESSi * 1 The modification introduced by 

’ * J j Blackett consists chiefly in the auto - 

!| ! * i malic release of the value V by the 

a SR ) \ « Itfincnot-Q /f.4 jo /*\/xr/7P /if Q~COU7l m 


sing through the counters must neces¬ 
sarily traverse also the expansion 
chamber between them. The coinci¬ 
dence discharge due to the passage 
of a particle through the counters, con¬ 
siderably amplified by means of thermionic tubes, is made to» operate a 
system of relays controlled by a small electromagnet which 
the valve V, sets the piston P into motion and thereby causes _ 
adiabatic expansion in the chamber. The same amplified ^° in £* . 

pulse is made to operate another mechanism which lllumma _ 
chamber, exposes the film after a proper delay, resets the p > 
winds the film and thus prepares the chamber for the next , £ -u 
automatically. The tracks of the passage of particles are pnotog: P 

ed by this device immediately after their * r ri va l ^ ® her ^us 

within about 0*01 sec The counter-controlled cloud chamo 

makes the particles take their own photographs . 

J 

The great advantages of this method are evidently ecoaoW;/ ^ 
quick results. Over 75% of photos taken contain cosmic ray * ; 

Further, by a suitable combination of the control countert, d ^ c 
sible to photograph tracks of cosmic rays arriving in parti 
HonS. Thi. Sod h.. been fcoi.ful of importtot 
corning the energy of the coemtc rey pamolee, the r ^ u 

ponents of the cosmic rays, the effects produced °y traversed, 

the production of showers, the “"^^"^^fear disintegrations 
nuclear collisions with emission of radiation, nuciea © 

caused, by the very high energy cosmic ray particles, e . 


0. Counter-controlled 
cloud chamber. 
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Two designs of vertical expansion chambers are used in this 
method, one cylindrical about 10 to 20 cms. in diameter and 5 to 10 
:ns. in width and the other rectangular 
and much bigger, about 25 to 60 cms. 
in height and 10 to 20 cms. in breadth, 
whicji is best suited for the study of very 
high energy particles. The photo of one 
such rectangular chamber, designed and 
bltiifi in the laboratory of Maurice de 
Broglie under the direction of Jueprince 
Ringuet, is reproduced here. It is 55 
cms. high and 15 cms. broad to suit the 
; ole-pieces of the huge electromagnet, 75 
cms, in ha meter, capable of producing 
50,000 gauss, installed at Bellevue, Paris, 
oy i he French Academy of Sciences, 

With this chamber cosmic ray tracks 40 
cms. long can be photographed. The 
two circular pole-pieces of the electro¬ 
magnet are seen in the background of 
the picture. 










Cloud chamber for cosmic ray 
work. (Leprince Ringuet) 


© 


to EKl The photographic einulsion method has proved itself 
anftl ,. . a important tool in cosmic ray researches, chiefly in the 

bom&° f m T°V and of ^Plosive disintegrations of nuclei under 
(cf n Q 9 o\ ent T 0l 6xtremel y hjgh energy particles, as already stated 
ud in In v co /“ lc ra y work » s P ecia l emulsions, stacked 

of tK« t. T r 0f lft y ers ’ are used m order to obtain greater lengths 
Nev n^f ° kS ° f P artlcles passing through. Recently (1957) Dr E P 
Bri8tol^Tn 8SOr University of Minnesota, collaborating with the 

graoht^ 1V , e - 81ty ’ haS been able t0 record on a “stack” of photo! 
moving aT^l an ® xtreme1 / high energy particle, a helium nucleus 
10 IS eV toK earfy L tbe s P eed hght and possessing an energy of 
prod,,; »,1“ft ” (beTOtron) o.n 

Brookhi,J h N. h ,“ bb l' T cl ? mb *r metBoA D. A. Glwer, at the 
1952 the hi.liw atl< u ial Uohoratory, conceived and constructed, in 
and combine^?! chamb ? r > m an attempt to eliminate the limitations 
emulsion tariff res P e ctive ments of the cloud chamber and the 
dense enough*??^ 08 'A J he f u86 of a suitable liquid which would be 
the emulsion In,?^ th ® fre q u ent collisions and precise tracks of 
tio fields anH t? d flex, hle enough to be readily influenced by magne- 

cloud chamber° with th ®. decent-length-single-track picture of g the 

oer, with a quick recovery after each exposure. 

vessel a verv^nn .a ^ wel l kn / >wn * hat in a dean, smooth-walled 
point withmi? K° •!‘ <luld 22? be heated above its ordinary boiling 
boil, it erunta ^h®? the superheated liquid does begin to 

mtr^uc^in thrifLif ea tT leDCe ^ 0ften > bite broken glafs are 

ln th0 h 9 uid » w hich provide triggering points for boiling 
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and thus prevent superheating. Glaser conceived the idea that if the 
supersaturated vapour of a cloud chamber was replaced by a super¬ 
heated liquid, fast particles passing through the liquid might play the 
role of bits of broken glass and trigger the formation of the microsco¬ 
pic bubbles that start the boiling process. Further, if the particle was 
charged, as it passed through the liquid, it would produce small clus¬ 
ters of ions of the same sign (negative or positive). Pushed apart by 
their mutual repulsion, the ions might form small bubbles all along 
the path of the particle in the liquid and thus produce a visible 
^rack. For such a thing to take place actually, the liquid must 
possess the following properties : It should be non-conducting, so 
that the ions would retain their charges ; it should have low surface 
tension, so that the force tending to collapse a bubble would be weak 
and it sould have high vapour pressure> which would tend to en¬ 
large the bubble formed in the liquid. 

Putting to practical test these ideas, Glaser took ether, super¬ 
heated to 285°F, in a small glass bulb ; he lowered the pressure in the 
bulb quickly by a mechanical piston device, irradiated the bulb with 
radioactive cobalt and took high speed movie , photographs of the 
happenings in the liquid. To his great satisfaction, the pictures dis¬ 
closed tracks of tiny bubbles. The experiment also demonstrated 
that the larger the bulb containing the liquid, the shorter the time 
it can maintain its superheated condition, because of the greater 
likelihood of intercepting some stray radiation. The bulb remained 
quiet only for a few seconds after the pressure was reduced. Thus 
the bubble chamber, as a particle-trapping device, came into exis¬ 
tence. 

It was next shown that the bubble chamber was a very sensitive 

v _ * * 

recorder . Even fast ft-mesons, which ionise very lightly, made visi¬ 
ble tracks in the superheated liquid. To obtain this result, the 
chamber was placed under 4 inches of lead and between two G-M 
counters arranged in 'coincidence circuit’ so that, whenever a parti¬ 
cle passed through both the counters and hence through the chamber 
also, the firing of the counters set off a flash illuminating the cham¬ 
ber for a camera whose shutter was left open in a dark room* By 
delaying the light flash for a given time after the counters fired, the 
hubbies along the track of*the particle could be photographed at any 
stage of their growth. 

Some bubble chambers in actual use* The chamber re¬ 
cently built by Glaser and his associates and used with the cosmo- 
tron at the Brookhaven National Laboratory is rectangular in shape, 
three inches by two in dimensions, and made of duralumin with glass 
windows. A diaphragm actuated by compressed air fully expands 
the chamber in five thousandths of a second, and the desired drop in 
pressure and superheated condition is maintained for about seven 
thousandths of a second. The liquid used is pentane. The wipers 
have been able to obtain hundreds of excellent pictures of ? 

particles from the accelerator. The bubbles grow so fast that e 
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traces can be photographed before swirling motions in the liquid dis¬ 
tort them. The track photographs are as good as the best cloud 
chamber records and are about 10 times as accurate. 

n Hildebrand and his colleagues, at the University of 

onicago, ha T e - successfully operated a pentane filled, bubble-shaped 

naoiDer, using a beam of 7r-rnesons from a 

synchro-cyclotron. Their chamber can be 
compressed and expanded once a second ; 
it is capable of collecting data rapidly on 
the interaction of ^-mesons with the nuc ei 
off hydrogen and carbon atonls in the 
pentane. One of the photos taken by them 
is reproduced here, where a 7 r-meson enters 
the chamber at the left, undergoes an elastic 
scattering and then ejects an electron (wavy 
track) from a pentane molecule. It clearly 
demonstrates that different types of particles 
produce recognisably different tracks. 

At the University of California, Dr. L. 
varez ana his group Jr&ve built a bubble 
amber, circular in sh*pe and 2*5 inches in 

liquid hydrogen at about 
» below zero Fahrenheit as the superheat- 
Kjuid a n d exposing the chamber to neut- 
nw!f * * have been able to take photos of 

' in the lic l uid hydrogen recoiling from collisions with the 

incoming neutrons. 

Dromi^ bu , 1 ? ble chamber technique is still in its infancy, but it 
work 4 v\ become a standard detection instrument for 

as well. 4 • high-energy particle accelerators in laboratories 
olond iili.Ii>*’ cosmic rays. Its special advantages over the 
with an< ? the emul8ion are : (*) The greater frequency 

Laboratory \ costing events are recorded. In the Brookhaven 

catches IIL 14 haS been shown that the six-inch bubble chamber 
lonv events as w «uld an ordinary cloud chamber 140 feet 

tained in I "? 8t * nce .- a complete record of a « - y _ e decay is ob- 

while it is .Ti-i" 11 P lct, u re > which is rarely seen in nuclear emulsions, 

M-meeon in ft ^ UI l kn L own in cIoud chambers, since the path of a 
unlike a q th ® ° ou ? chamber would bo more than 3 metres Jong, 

interesting 3 ^ that tffi 1 "*‘oo b u b f l0 chamber ’ What is still more 

bubble chamw h ! fi - r9t , 22 . p . hot ° 9 taken * n 11 minutes with the 
above (ii\ j, , conta “, e(1 el 8 ht events similar to the one stated 

chamber 1! '^ 0 th \ di ff erent conditions of research. The 

Particles much and Ik T‘ h a , ,ght ,ic l uid which d oes not deflect 
astheclo^od therefore wil 1 permit magnetic field experiments 

duce a g reat ammfnt ’ f* 'll 411 . 8, blgb,y dense liquid which will pro- 

are not much d*Mo?t?J Sf. ®? att . ering as th e emulsion. (Hi) The tracks 

currents. (iv\ The I? tbe ® lot,d chamber due to convection 

( ) The demtt y bubbles might prove a better index of 


Track of a 77-meson in a 
bubble chamber design¬ 
ed by R/H. Hildebrand 
and his associates. 
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particle energy than the droplet density in a cloud chamber 
these, the bubble chamber 
one can gain information al 
nuclear forces. 

It may be noted that 
been-able to build a 


quite recently (June 1959) Alvarez has 
very big bubble chamber, 6 ft. long containing 

150 gallons of liquid hydrogen. He 
intends to shoot into that chamber 
antiprotons from the Berkeley 6 BeV 
bevatron and photograph their tracks 
ml that will reveal the innermost secrets 

of matter. In particular, he has been 
SB able to trace the birth, death and 
Mflr after effects of an anti-lambda particle, 

the counterpart of lambda particle 
!V / which is produced when high energy 
*J/ protons hit protons at rest. 

f In another series of experi¬ 

ments, bombarding the chamber 
with extremely powerful particles 
from the bevatron, he has been able 
j to obtain photos of tracks made by 

^B| fj,- mesons knocked out of smashed 
atoms. A few of these tracks are 
N. ^ found to have gaps in them that are 

nnit.fi mizzlina at first siffht. One of 


Dr, Alvarez 
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• aveiling a good distance (the long thick track slightly curved 
downwards), forms a mesic atom with deuterium, which drifts slight - 



A^-meson acting as catalyst—bubble chamber photo 

ly to left forming a gap in the track. At the left side of the gap the 
meme deuterium atom has fused with an atom of ordinary hydrogen, 
f he meson ejected from the resulting helium (3) atom moves towards 
the left, stops after a while and decays into an electron, which 
produces thinner track curving upwards. 

The meson that shoots off from the helium (3) atom mav also 
ai \°. fc ^ er mesic deuterium atom and cause it to fuse with an- 
o er ordinary hydrogen atom. When mesons act in this way* they 
oehave like catalysts, which induce chemical reactions without'them- 
solves being changed. If such catalysed fusion could be made prac- 
ical, it would have advantages over known methods of releasing 
nuclear energy. It would not require expensive fuel, as uranium 
nasion does, and it would not create harmful radioactive fission pro- 
, would not require exceedingly high temperature as thermo- 

”“ '® ar , fus '°, n reactions do. It might burn peacefully, releasing 
considerable amount of nuclear energy. 

fnai/i method does not ofiFer as yet a direct means of tapping 

diffl«nlHit rgy c ° mme r cial amounts on account of the following 

: T<*) ther ®. 18 no dependable source of mesons at present 

mesons 6 fit" ^ nac ^. ,ne ? 1,ke the Berkeley bevatron ; (ti) since the 
SiWh« short-lived, decaying into other particles in two- 

^ a sec °nd, they have very little lime to act as catalysts. 
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If a longer-lived particle could be found that does the work of the 
catalyst, the reaction would look promising indeed. The Russian 
p ysicist, A. Alikhanian claims to have evidence that such a par- 
ic e exists, but his claim has not yet been confirmed by others. 

INVESTIGATIONS on the nature of cosmic rays 

' A new e y a °. f investigation of the cosmic rays, chiefly of their 
nature, was initiated in 1927-28 with a remarkable observation 



known as the 
effect, _made by 


latitude 
ihe 


Fig. 311. The latitude effect. 


Dutch physicist, Claj'. 
Measuring the cosmic 
ray intensity at differ¬ 
ent latitudes in sea 
voyages from Holland 
to Java, he found a 
decided variation in 
the intensity, being 
distinctly less in the 
equatorial regions than 
in higher latitudes. 

This phenomenon was 
explained by him as 
due to the presence of 
charged particles in 
cosmic rays. For, if 
these rays consisted 

only of uncharged pho¬ 
tons, as was till then 
supposed, they would 
not be affected by the earth’s magnetic field and should therefore 
come as freely to the equator as to the polar regions of the*earth. 
If, on the other hand, cosmic rays were made up of charged particles 
also, they yvould be obviously influenced by the earth’s magnetic 
field. The particles which approached the earth at the equator, with 
their directions of motion, for the most part, at right angles to the 
earth’s magnetic lines of force, would be bent round and deflected 

away from the earth (Figt 311). But the particles approaching the 
earth near the poles and moving mainly along the earth's magnetic 
lines of force would have no difficulty in reaching the surface of t e 
earth. Hence, a decrease in intensity from the pole td the equator 
would be expected, if the cosmic rays consisted of high-energy charg¬ 
ed particles. 

Clay’s discovery of a latitude effect was, therefore, really 
momentous and it received a futhher confirmation, in 1929, by the 
experiments performed by Bothe and Kolhorster with coincidence 
counters and an interposed aboorber which gave a very strong 
indication of the presence of charged particles among the cosmic rays 
observed within the earth’s atmosphdfC* corroborative eviden¬ 
ces for a charged-particle composition of rays were the starting 
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in the intensity of the cosmic, rays from the pole to the equator might 

be expected, as particles of lower energy are gradually prevented by 

the magnetic field from reaching the earth. But the actual manner 

in which the intensity varies with latitude depends on two other 
factors :— 


(i) The absorption in ihe atmosphere (of about 20 miles in depth), 
which prevents particles of less than about 2 x 10 9 eV from reaching 
the surface ol the earth, as this amount is roughly the energy re* 
3|y^yarticle to cover ionisation losses in passing through the 
atmosphere. Hence the minimum enfergy of the particles that begin 
to be cut out at sear level is about 5 x 10 9 eV, while that of the par¬ 
ticles that are cut at the top of the atmosphere is about 3 x 10° eV. 

his explains why the latitude .effect is more pronounced at high 
Altitudes than at sea level. 


(t?-) The energy distribution among the cosmic ray pCi tides. * The 
existence of a well-defined “knee” in the latitude curve at 49° indi¬ 
cates that no charged particles with energy less than about 3 x 10® eV 
can oyer reach the earth. As this value agreed approximately with 
e energy loss due to absorption^ in the atmosphere, it was first sug- 
gested^that the “knee” in the curve merely represented the absorption 
e Jject&f the atmosphere. If this explanation were correct, the knee 
" 011 displaced to higher latitudes at high altitudes, where the 

energy absorbed by the atmosphere is less. Since, however, it is ex- 
penmentally found that the value of the knee is independent of 
ltuae, another explanation^ first given by Janossy, in 1936, viz., 

aV f Un S fna ^ n % e ^ c field prevents particles with energy below 3 x 10® 
rom reaching the earth, is now generally accepted. 

i the study of cosmic ray intensity at different latitudes 

ar y proves that whatever may be the constituents of primary 
r kjgh-energy charged particles must form an appreciable 
° This charged particle composition applies to the primary 

tiv^? 1C ra ^ 3 * 8 * nce magnetic deflection of particles within the rela- 
fart Ju snia ^ of the earth’s atmosphere will be slight. The 

2 v iiuo at X 7 ec ^ uator a lar g e number of particles of energy about 

. e ^Taach the earth, combined with the Existence of the 

snopttn * ,n ?P“? 9 that the primary radiation is mixed with an energy 
pectrum in the range of 3 x 10® to 3 x 10 l ° eV approximately. 

or f.«^f regards the nature of the eharged particles, whether positive 

no in^oJ 6 ’ p '? tons or electrons . the latitude effect, by itself, gives 

wVaen,? T T hat6Ver ; nor does i4 exolud « the possibility of the 
from othJ?** ootons or neutrons. These points have to be decided 

volved in . n bs- It may be noted that at the Energies in- 

blockin^ff . ® har 8 ed particles that are able to break through the 

Section anJ s^dficTonEom^^ “ FegardS magneti ° 
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2. THE LONGITUDE EFFECT 

The variation in intensity of cosmic rays with longitude at a 
fixed geomagnetic latitude and altitude was discovered, in 1934, in¬ 
dependently by Clay and by Millikan and Neher. In the different 
sea voyages undertaken for the study of the latitude effect, crossing 
the equator at different longitudes they found that the apparent 
equatorial intensities varied appreciably indicating that at the 
equatorial belt the drop in intensity differed at different longitudes, 
being greater in the eastern than in the western hemisphere. The 
effect amounts roughly to 5% at the equator and diminishes to zero 
as higher latitudes are reached. These observations have been in-' 
terpreted as due to the earth's magnetic field not being-syrnrn&rical with 
respect to an axis passing through the centte of the earth , even at great 
distances. As regards the nature of the cosmic ray particles, no 
additional information is- obtained from this effect, other than that 
deduced from the latitude effect. i 

3. THE AZIMUTH EFFECT—EAST-WEST ASYMMETRY 


By the study of this effect it has been possible to decide the 
sign of the charge carried by the high energy particles in the primary 

cosmic rays, since if particles of one sign 
of charge should be more numerous than 
+ i +• +i +\ those of the opposite sign, the earth's 

field should produce an east-west asym- 
i metry in the cosmic ray intensity. For, 

t the magnetic lines of force outside* the 

Y v earth being from south to north, particles 

\ \ V approaching the earth, say in a vertical 

vA direction, if positively charged, will be 

pushed, in accordance with Fleming s 
f Aw motor rule, towards the east, so that 

/ N \ they will appear to come in a direction 

I J* E inclined to the west of the vertical, as 

\ / j shown in Fig. 315, where the rea eris 

V EARTH / supposed to be looking north - 

\ EAR ™ / magnetic axis of the earth, the lines of 

force outside the earth being direo 

into the page. According to theory, t 

reach the equator, a positively 

Fig. 315. Deflection Of particle coming from the west neeas a 
positively Charged particles ^ t ene rgy of 10“ eV, while 6 X 10* 

* eV would be the minimum energy 

were to come from the east. This means that the west 
the expense of the east, if the original particles are poai iv T _ . 
ed. Less energy is needed for these particles to reach hig same 

Negatively charged particles coming in vertically, wil , - the 

reason, strike the earth in a direction inclined to t ^articles, 

vertical. Hence,, if there are more positive than ne ^f ? e ear th 
there should be a greater intensity of cosmic rays reac g 


W 


i 

EARTH 


Fig. 315. Deflection of 
positively charged particles 
by the earth's field. 
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lrom the west than fiom the east ; ii more negative particles than 
positive, the reverse. This is what is known as the east-west asym¬ 
metry. If there are, however, equal numbers of similar positive and 
negative particles, there will evidently be no east-west asymmetry 
and no azimuth effect. The shadow cone will appear in the west or 

the east according to whether the particles are positively or negative¬ 
ly charged. 

V" Theoretical considerations further show that ( i ) the asymmetry 
should be a maximum at the equator falling off rapidly at higher 
latitudes, (ii) the asymmetry should increase continuously with 
zenith angle and (tit) there is an increase in the asymmetry with 
increasing altitude. It is to be noted that the greater part of the 
azimuth effect must be produced before the rays enter the earth’s 
atmosphere, since the atmosphere is so thin relative to the earth’s 
dimensions that any effect produced within it can have very little 
in uence on the large-scale distribution of the intensity over the 

ear h. Hence the effect will give important information about the 
nature of the primary radiation. 

i az * mut k effect, first predicted theoretically by Lemaitre 

ant allarta and by Rossi, in 1930 was looked for and finally dis¬ 
covered, in 1933, independently by Johnson of the Bartol Foundation 
an Alvarez and Compton of the University of Chicago. To the 
ormer goes the credit of having investigated the effect in very great 
aetaii tor a number of years (1933-40). The experimental technique 
r nSls 8 °* ^wo or more coincidence counters arranged on a vertical 
Thf 16 ° ne a k° ve the other and disposed in the north-south direction* 
with e ., ec lve ‘‘cosmic ray telescope” can be tilted to different angles 
thp ver ^*? a ^» cither towarcs the east or towards the west, and 

tip c ° rres ponding coincidence impulses recorded. Thus the intensi- 

diffAr ® osm } c rays coming from the east and from the west at 
m zenith angles can be measured. Observations have been 

e at various latitudes qnd altitudes. 

Stained by Johnson in one of his experiments 

an j P as co, Peru, situated on the magnetic equator at 

ahlA S metres, where the effect is bound to be appreci- 

c i. n acc °unt of both the equatorial region and high altitude 
cnosen, are given below : 6 



Zenith angle 

e 


Counts-West 

(W) 


Counts-East 

(E) 


Asymmetry 

% 


15 ° 

30° 

45° 

60° 


52,295 

39,601 

11,024 

6,760 


55,049 

35,418 

9,764 

6,028 


8-4 ± 0-4 

12- 5 ± 0‘5 

13- 9 ± 0-8 
17-4 ± 1-5 
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The percentage of asymmetry was taken to be given by the ex¬ 
pression : 

W — E 

2 X W + E X 100 

It is seen from the above table that the intensity of cosmic 
rays coming from the west exceeds that from the east for all zenith 
angles. This fact indicates definitely that there is an excess of 
positively charged particles in the primary cosmic radiation. 

Although the asymmetry increases with increase of the zenith 
angle, it has been experimentally found that it is greatest between 
45° and 60°, decreasing for greater angles. This decrease, not to be 
expected from theory, is due to the absorption effect in the atmo¬ 
sphere. Rays coming from near the horizon have to penetrate . a 
greater amount of atmosphere than those coming from above. Hence, 
for large zenith angles, the low-energy particles are absorbed to a 
greater extent than the high energy particles, which oause the actual 
decrease of asymmetry beyond 60®. 

Johnson was able to confirm also the other predictions of 
theory. Thus he proved that the east-west effect which was maxi¬ 
mum at the equator decreased to about 2 or 3% at latitudes of about 
40°, becoming scarcely perceptible at latitudes greater than 50°, t.e., 
in the polar cap. The earth’s magnetic field acts of course on charged 
particles inside the polar cap also, but the uniform intensity inside 
the cap means that the field there causes as many particles to be bent 
into a given angle of incidence on the earth’s surface as out of it. 

It is possible in principle to estimate the relative abundance of 
the positive and negative charged particles in the primary radiation 
by using the results of the azimuth effect in combination with those 
of the latitude effect. Johnson has investigated this possibility in 
great detail, proving that the positive excess is very considerable . Thus 
a large part of the primary radiations consists of positively charged 
particles. These cannot be the mesotrons which form the penetrating 
component of cosmic rays observed at sea level, for various reasons 
that will be given later ; nor can they be positive electrons , since then 
they would certainly have with them an equivalent number of nega¬ 
tive electrons required for the maintenance of electrical equilibrium 
of the earth. Most probably they are protons as suggested by several 
investigators, a conclusion agreeing closely with the recent finding 
about the production of mesotrons in the upper atmosphere. 

Johnson also discovered first that near sea level at intermedi¬ 
ate latitudes the east-west asymmetry increased with altitude, in con¬ 
sonance with theory, but later found that it almost vanished at high 
altitudes. This absence of the effect at high altitudes has been inter¬ 
preted to indicate the existence of a softer and more easily absorb¬ 
able component in the radiation at high altitudes consisting of nearly 
equal number of positive and negative electrons, over and above the 
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r h a a dil«on P0 M nt of P° sit , ives wbich produce the penetrating mesotron 

(1945) Arloy has ufled the *b«5» of the 

protons. gh t L des t0 g ,ve support to the hypothesis of negative 


4. THE NORTH-SOUTH EFFECT 

cordine T^. 1C ra / S from be y° nd our own galaxy, then ac- 

nortn and south the0ry ’ an a3 ~ vm metry between the 

tenqitw , anicbrectl0nal intensities is to be expected. The in- 

that observerln"^ 6 n ° r S ern h t miSphere 8h ° uld be « reater than 

A ln sou ^horn hemisphere. The effect is small 

by Compton° ) '\T, at hi S h ^tif'des. Early experiments 

cal exX^ *T" ° ther * a PP eared to bear out this theoreti- 

perinif iii 1 1 )ot« ® ut a recent and complete treatment of ex- 
cha^es wr *’ Wh u re a ' lowa,lce is marie for seasonal and diurnal 

intensities at fi a n teS | tha l.u here J 18 n ° a PP reciable difference between the 
can be made^frn n0 b and SOu i ;b latitudes. Hence, no argument 

exists at all fo/th^— e ? eCt which must be negligibly small, if it 

Nay more thl » gm ° f c , osm,c ra J' s outside our own galaxy. 

einatp with- * I10W S OHd reasons to believe that they may ori¬ 
ginate within our galaxy itself. y y 



5. SEASONAL AND DltJRNAL CHANGES IN 

COSMIC RAY INTENSITY 


was defilfitelv ^?£ aao ™ 1 ckan 9 e in cosmic ray intensi, 

fbeir ufdktt“hi 937 ’ ^ “ d T “™“ fre ' 


SfJ'S* ® ffect - They found 

that the shape of the intensity- 
latitude curve depended slight* 
y upon the season in which 

° data were taken. They 
able to resolve the 

var^ ed • intensity-latitude 

viz T mt ° two components, 
an V * he atmospheric effect 

aS B he P l Te ma 9 ne tic effect 

watfW hatwhHethel& tter 
was free from seasonal changes, 

anna. ^P rmer > particularly 
befr* at „ high la titudes, 
i nt g } 10 2 % °f tho total 

variati ty ’ sbowed seasonal 
seart»i. l0ns i. aiore recent re- 
Forh. h ^ by GU1 (1938), by 

*275-fffflfe V. Mmik J. 


Dr. P. S. Gill 


by Duper d Smith < 1939 ) a «d 

8e asonaleffect 19 W 4 fil haV f i3?l °, nly confirm ed the existence oft] 

, but also established its important special features. 
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Forbush in America has made a continuous record of cosmic 
ray intensity over a period of more than 18 months at four different 
places covering the latitudes from 48°S to 50°N, Duperier in Lon¬ 
don, working with a triple coincidence counter telescope made up of 
several large counters at each row, thus presenting a big receiving 
area, has been able to record continuously the cosmic ray intensity 
over a much longer period of four years. From these data, the 
following results concerning seasonal variations have been obtained : 
({) The effect has an amplitude ranging from zero at the equator to 
1 or 2% of the total intensity at a latitude of 50° ; ( ii ) it is opposite 
in the two hemispheres ; (tit) it is definitely correlated with atmos¬ 
pheric temperature, being a maximum always during the colder part 
of the years—in January in the northern hemisphere and in July in 
the southern. 

The cause of the seasonal variation, according to the explana¬ 
tion now generally accepted and first proposed by Blackett, in 1938, 
is the temperature variation in the mesotron-producing layer of the 
upper atmosphere. The mesotrons, which constitute the highly penet¬ 
rating component of cosmic rays arid are produced in the upper atmos¬ 
phere, are radioactive with a very short period of a few microseconds 
so that some of them decay before reaching the surface of the earth. 
Now, during summer, the air-layers in which mesotrons are produced 
are shifted to higher altitudes and are less compact than in winter, so 
that the mesotrons have a larger chance of decaying before they 
reach the recording apparatus in summer than in Winter. 

There exists also a diurnal change, t.e., a variation of cosmic 
ray intensity with solar time of the day, as clearly established from 
the data gathered over long periods of many years by different 
workers such as Messerschmidt (1932) in Germany, Compton an 
Turner and Forbush in America and Duperier in England, Lxpcn 
ments were conducted without and with lead screens surrounding © 
measuring instrument in order to study separately the soft * n * “; 

components of cosmic rays. The results obtained are :(t) inerei 

a small diurnal variation in the softer component, the inten y 
reaching a maximum at about midday and a minimum * . . 

midnight. On the other hand, the intensity of t © P® .. 
component is practically constant, (tt) This variation o in , 

solar time appears to be independent of both latitude and & , 

The actual cause of the variation of cosmic ray intensity _ 
solar time is not known. But there are several evidences.to • - 

that the sun might be responsible for these changes. Ov noon 

the periodic variation per 24 hours with maximum in ens * ^ _ |.u 

and minimum at midnight, a 27-day cycle* correspon ng as 

moon’s revolution, and chiefly a marked change in 1 soot 

much as 10%, during the solar bursts associated with sun- g 

activity, which cause major magnetic storms in t .® ear ^’ t the re 
indicate the influence of the sun on cosmic ray mten y- .. -u ft 
appears to be no mechanism correlating these phenomena, _ 
has been suggested that the magnetic field of the sun mig P v 

for the observed small diurnal changes of intensity m cos 
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6. THE ALTITUDE EFFECT 

The study o J the variation of cosmic ray intensity with alti¬ 
tude, by means of which the discovery of cosmic rays was first made 
was undertaken anew, in greater detail, in order to arrive at e pro¬ 
per knowledge of the nature and origin oi these rays. 1 he chief aim 
was to measure very carefully the ionisation produced by the cosmic 
rays at higher and higher altitudes, reaching u r H the 

top of the atmosphere. For this purpose, mountain statiorbs at alti¬ 
tudes of 2 to 3 miles , such as Jungfrau in Swii zerland, Mount Blanc 
in the Italian Alps, Pic du Midi in the Pyrenees, Bolivian Andes in 
South America, Mount Evans in the U.S.A., have been used. These 
permit the use of massive equipments and long periods of cont inuous 
observation. Airplanes up to altitudes of 6 or 7 miles , and stratosphere 
manned balloons (first devised by Piccard) reaching up to 10 to 11 
miles have a so been used. This technique has the advantage of 
allowing the observer to keep watch on what is happening. Still 
higher altitudes have been attained by unmanned sounding balloons 
(initiated by Regener; that can ascend to about 20 miles which is 
almost the top of the atmosphere, and record for hours with very 
delicate apparatus the cosmic ray ionisation in that region. Recent¬ 
ly, rockets carrying ionisation chambers, counters, photographic 
emulsions and even cloud chambers, have pushed the inquiry to 
altitudes of more than 100 miles , although their flight-time is very 
short, three to four minutes. With the introduction of space rockets 
it is now possible to reach out to several thousands of r ules and 
more. 

As regards the investigations directly concerned with the alti¬ 
tude effect, the experiments performed during the years 1933-38 by 
Millikan , Bowen , Neher and Haynes with sounding balloons at diffe¬ 
rent magnetic latitudes, such as Seskatoon, Canada (60°N), Omaha, 
Nebraska (51°N), San Antonio, Texas (38°N) and Madras, India 
(3°N) are illuminating and hence will be described as typical exam¬ 
ples. 

Self-recording electroscopes of the Neher type were sent up by 
means of a number of sounding balloons of small size connected to¬ 
gether, similar to those used for weather observations. After reach¬ 
ing a certain high altitude, some of the balloons burst, while the 
others brought back the recording instruments to the earth without 
serious damage. With groups often balloons, heights of 60,000 ft. 
corresponding to within less than 2% of the top of the atmosphere 
were reached. It may be noted that Korff and his collaborators 
(1938), replacing the Neher electroscope by small counter tubes for 
measuring cosmic ray intensity and using suitable transmitting valves 
which periodically sent records of the actual pressure and counting 
rates to earth by radio waves, thereby eliminating the uncertainty 
of recovering the recording apparatus, were able to obtain data up 
to an altitude of 116,000 ft., t.e., within 1 jz% °f the top of the at 
mosphere. 
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When the data gathered from these experiments are plotted, 
t.€., cosmic ray intensity as a function of the altitude, curves of the 

form siiown in Fig. 316 are 
obtained. The abscissa repre¬ 
sents the altitude, convenient¬ 
ly expressed in terms of equi¬ 
valent metres of water below 
^the top ~of the atmosphere. 
■fs(On the assumption that a 
layer of air absorbs the same 
amount of the radiation as a 
layer of water having the same 
mass per unit area of surface, 
the absorption in a given layer 
of the atmosphere can be ex¬ 
pressed in terms of an equiva¬ 
lent iayer of water and it can 
be shown that the entire at¬ 
mosphere is equivalent to 10 
metres of water approximate¬ 
ly)^ The ordinate represents 
the^number of ion-pairs per 
c.c. per second that would be 
produced by the cosmic rays 
in air at standard density, 
which serves as a measure of 
their intensity. Each curve 
represents the results obtained 
at a different latitude as designated. All of them have the same 
general form, reaching a maximum, not at the topof the atmosphere, 
but well below it, at a level of about 0*7 metre of water from the top. 

From the maximum point the intensity decreases almost exponential¬ 
ly. But the range of intensity variation is quite different for the curves 
referring to different latitudes, the observed intensity at high altitu¬ 
des, say at the maximum point, being much greater at higher lati¬ 
tude. Likewise, the altitude at which the maximum ionisation occurs 
varies slightly for the different curves, being shifted closer to the top 
of the atmosphere at higher latitudes. 

The following important conclusions can be drawn from those 
special features of the experimental curves :— 

(t) The position of the maximum indicates that the cosmic ray 

intensity at the top of the atmosphere is less than that occurring 

within about 5% below it. This might, at first sight, mean that e 
recording apparatus had actually ascended to the source of the 
which might thus, after all, be within the atmosphere. But there 18 ® 
need to draw such a conclusion, since admitting that the P r,m ** ^ 
cosmic rays originate entirely beyond the atmosphere, as every 
believes to-day, it is still possible to account satisfactorily or 


METERS Of WATER 

Fig. 310. Altitude curves obtained at 
four different latitudes. 
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occurrence of the maximum well below the top as follows. The ener¬ 
getic primary rays on entering the atmosphere, react with the attenu¬ 
ated top layers and produce secondaries whose ionising power is 
greater than that of the primaries. This process progressively in¬ 
creases the total number of ionising particles, travelling downward, 
in spite of absorption, until an equilibrium state is reached represen¬ 
ted by the maximum point. Thereafter the ionisation decreases, as 
both primary and secondary raj T s lose energy in collisions with air 
molecules in the more dense layers of the atmosphere. 

There are also indications to the effect that as the top of the 
atmosphere is reached within 1 / 2 % the intensity drops very rapidly 
to about 1% of the maximum value. This means two things : (a) 
most of the cosmic ray phenomena observed are secondary effects produc¬ 
ed near the top of the atmosphere ; (ft) the primary rays are fewer in 
number as compared to the secondaries , being only about 1/5 of the 
secondaries at the maximum point. 

(ii) The greater intensity variation and the slight shift of maxi¬ 
mum towards the top of the atmosphere at higher latitudes are evi¬ 
dently due to the action of the earth’s magnetic field on the cosmic 
rays approaching the earth. Millikan and his associates, combining 
the experimental data of the differences between the curves at the 
different latitudes with the maximum possible energies of the parti¬ 
cles able to reach the earth at those latitudes (as given by the geo¬ 
magnetic theory of Lemaitre and Vallarta) and the energy spent in 
ionisation, were able to construct a curve representing the energy dis¬ 
tribution among the primary cosmic rays entering the atmosphere 
and show that (a) the whole cosmic ray energy comes in as a relatively 
sharply limited band and (6) particles having energies 6 x 10 9 eV are 
most numerous , although there exist some particles with lower energies 
and many with considerably higher energies of 17 x 10 9 eV and more . 

It has been possible also to estimate the total number of primary 

cosmic ray particles that fall in unit time upon the top of the whole 

atmosphere from the experimental curves, taking into account the 

geomagnetic latitude effect. It is found to be 2 x 10 18 particles per 

second. Likewise, the number of particles striking each sq. cm. of the 

op of the atmosphere per minute at the various magnetic latitudes has 

been estimated to be 1*9 at 3°, 6*5 at 39° and 218 at 52°. The 

iWttiber of particles, including both primary and secondary, that arrive 

per minute per sq. cm. of the earth*s surface, is still smaller, about 1*5 

particles per sq. cm. per minute at sea level, as indicated by cloud 

e amber experiments. Hence many of the primaries and a large num- 

er of secondaries formed high in the atmosphere are unable to penetrate 
*ne entire atmosphere . 

. v tl ) Analysing more closely the almost exponential decrease of 

from the maximum downward, Millikan was forced to recog- 
rt!? 6 + ^. complicated nature of absorption of cosmic rays and thereby 
jec his original interpretation of attributing an electromagnetic 
ore and admit instead a charged particle nature for these rays. He 
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was further able to. distinguish two components in them, -one very 
rapidly absorbed, mostly effective in the upper part of the atmosphere 
down to a depth of a third of the atmosphere- (3*3 metres of water) 
and the other a more penetrating component effective even in the 
lower part of the atmosphere. The total radiation at sea level is made 
up of about '/4 soft and */ 4 hard components and has an intensity of a 
little more than one particle per sq. cm. per minute. 


ABSORPTION OF COSMIC RAYS IN MATTER 



\ \ The study of the absorption of cosmic rays in air, water, rocks, 
pf^he earth s crest, in lead and other metals has led to very important 
results concerning the complex and powerful nature of these mysteri¬ 
ous radiations. Although early altitude-depth experiments of Kolhors- 
ter and Millikan established that the cosmic rays were extremely 
penetrating radiation, no accurate data of their absorption in matter 
was available, since their extra-terrestrial origin was still not quite 
evident. When once this point was definitely established by the 
latitude effect, more reliable conclusions regarding the rate of absorp¬ 
tion in the atmosphere could be drawn. But the fact that the in¬ 
tensity-altitude curve depended very much upon the magnetic lati¬ 
tude showed that the distribution of cosmic ray intensity in the 
atmosphere was not one determined by absorption alone. Hence it 
was found necessary to measure directly the rates of absorption in 
media other than the atmosphere. This was undertaken by several 
investigators using different methods. 


(i) Absorption in water* Millikan and Cameron were the first, 
in 1926, to make a systematic study of the absorption of cosmic rays 
in water. They mounted electroscopes in water-tight containers and 
immersed them metre by metre in mountain lakes, such as Muir Lake 
(altitude 3,595 metres) down to 20 metres, which was later (1931) ex¬ 
tended to 72 metres. From the electroscopic records of cosmic ray 
intensity at various depths they were able to arrive at the following 
conclusions : (a) The effect was still appreciable at the greatest 
depths they were able to reach, (5) there was a gradual hardening 
of the radiation as it passed through more and more matter and 
(c) a considerable portion of the rays reaching the earth could be 
classified into two groups, with different absorption coefficients, one 
of them much more penetrating than the other. 


Very accurate and extensive observation of cosmic ray inten¬ 
sity under water was made by Regener in 1928. Using a 
strongly built ionisation chamber of 39 litres capacity, filled with CO| 
at a pressure of 30 atmospheres, in order to increase the intensity ot 
ionisation, he lowered it in Lake Constance (altitude 395 metres) 
down to a depth of 280 metres. From the data obtained he was able 
to plot a curve showing the manner in which the intensity continu¬ 
ously falls off with increase in depth. The observed intensity at t e 
bottom of the lake was still one per cent that at the surface. From 









ABSORPTION OF COSMIC RAYS IN MATTER 


1049 


the observed rate of absorption, he found three different absorption 
coefficients indicating three different components of the cosmic rays. 
The less penetrating components were filtered first, leaving mainly 
the hardest component after groat depths of water had been 

traversed. 

More recently (1938) Clay and his associates have extended 
these underwater studies to a depth of 440 metres. 'Ihe residua 
ionisation at such great depths of water indica es the presence of very 
highly penetrating particles among the cosmic rays. 


(u) Absorption in rocks and coal mines. V. C. Wilson, in 
1938, employing a four-tube coincidence counter cosmic ray telescope, 
made measurements down to a depth of about 384 metres in a mine. 
Measurable radiation penetrated this nearly one quarter of a mile of 
rock, equivalent to about 1,100 metres of water or 100 metres of lead. 
The intensity was o the order 1/10,000 that incident upon the rock. 
By tilting the apparatus so that it recorded particles that came 
obliquely passing through a greater thickness of the rock, he could 
still detect the radiation at a depth equivalent to about 1,400 metres 
of water. Gemert (1938) was able to detect ’adiatio at depth 
610 metres in a coal mine, equivalent to 1,600 metres of water. Some 
of the cosmic rays are thus extremely penetrating although on y 
s /20,000 of the radiation incident on the earth actuall} 7 penetrates to 
these depths. 


(tit) Absorption in lead and other heavy metals. Botlie 

and Kolhorster were the first, in 1929, to attempt a direct measure¬ 
ment of the absorption of cosmic ray particles in metallic screens 
using two coincidence counters with an interposed block of gold about 
4 cms. thick. They were able to prove the existence of ionising 
particles of mass absorption coefficient of 3 X 10" 3 cms. 3 gm. h which 
was of the same order of magnitude as the absorption coefficient of 
cosmic rays in air at sea level, deduced, from Millikan and Cameron s 
experimental data. 


Rossi, in 1932, using three counters in coincidence arranged in 
a vertical line studied the absorption in lead of cosmic ray particles 
which had already been filtered through 7 cms. of lead. He was able 
to establish the existence of particles capable of traversing one metre 
of lead placed between the counters. Assuming the absorption to be 
exponential through each successive layer of lead, the following values 
were found for the mass absorption coefficient : in the first 10 cms., 
Wp =* 1*8 x 10’ 3 ; in the next 15 cms., ft/p = 0*5 k 10" 3 ; and in 
the last 76 cms., fi/p = 0-55 x 10* 3 . This indicates the existence of 
a soft and a hard component in the cosmic rays. Since the absorption 
coefficient is practically constant for rays that have traversed 16 cms. 
of lead, whatever passes through this thickness of lead may be con¬ 
sidered as the hard component. 


Auger, Leprince Ringuet and Ehrenfest, in 1930, using a cosmic 
f ay counter telescope of the Rossi type studied the absorption of the 
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as lead, tin, copper 

nd aluminium and found a considerable variation of the mass 
absorption coefficient from one material to another. The absorption 
ot this soit component appeared to obey a Z 2 law, where Z is the 
atomic number of the absorber. Alocco, in 1935, had already shown 
that the hard component obeyed an entirely different absorption law, 
where the absorption coefficient varies roughly as Z. Sittkus, in 1938, 
measuring the rate of absorption of the hard component, obtained by 
filtering the radiation through 25 cms. of lead, in different materials 
such as lead, iron, aluminium, copper and paraffin, showed that the 
maso absorption coefficient of these hard cosmic rays remained 
approximately constant, irrespective of the material used as absorber. 


8. MEASUREMENT OF THE ENERGY OF COSMIC RAYS 

Study of the latitude, azimuth and altitude effects as well as 
/ the absorption in matter gives indirect and average estimates of the 
energy of the cosmic ray particles, as we have already seen. Thus, 
the latitude effect leads to the existence of an energy spectrum in the 
primary radiation ranging from 3 x 10 9 eV to 3 x 10 10 eV approxi¬ 
mately, while the azimuth effect indicates even higher energies up to' 
6 x 10 10 eV for some of the primary particles. The altitude effect 
referring chiefly to the secondly effects produced near the top of the 
atmosphere, shows that the majority of the particles have an energy 
of about 6 x 10 9 eV, while a good number much higher energies of 
about 2 x 10 l ° eV. Observations made on the absorption in matter, 
though less reliable, point to the existence of cosmic ray particles of 
perhaps still greater energy. There arises, therefore, the need of 
checking up these values by a direct measurement of the energies of the 
individual cosmic rug particles . This has been successfully achieved 
during the years 1933-38 by several physicists in different countries, 
such as Leprince Ringuet and Crussard in France, Blackett and 
Brode in England, Anderson and Neddermeyer in America and 
Kunze in Germany, employing the cloud chamber technique of photo¬ 
graphing the tracks of cosmic ray particles, bent by a very strong 
applied magnetic field. 

The principle of the method is simple. If the radius of curva¬ 
ture p of the track and the intensity H of the magnetic field are 
measured, it is possible to evaluate the energy of the particle respon¬ 
sible for the track. Ordinarily the following method of calculation is 
used in the case of very high energy cosmic ray particles, provided it 
is made certain that one is dealing with electrons and not more 
massive particles. 

The action of the magnetic field causing the fast moving parti¬ 
cle to describe a circular arc is represented by the usual relation 

mv % „ wu 

- = Hev or H p = — 

p e 


Applying relativistic correction, Hp — {m 0 / \fl — 0 £ ). t> / e, 
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where p = vjc. H is ordinarily measured in gauss and p in,cms 
Since 1 gauss — 3 x 10 10 e.s.u.. 


Hp 


3 X 10^0 X ^ X — ~— 

e v/1 - p 2 


e.s.u. 


Since 


c = 3 x 10 10 , 


Hp 


m 


v c 


vi - P 


e.s.u. 


As v is very high, approaching c, we may replace v c by c 2 as a 
first approximation. 


Hp = 


m 


2 


VI - P s 


... ( 1 ) 


Considering the total energy W of the particle, according to the 
theory of relativity, 


W = me 2 = 


m 0 c 


Vi - P 


ergs 


Since 1 erg 


300 


electron volts, 


W = 300 x 


rn 


o 


VI - P 


electron volts 


... ( 2 ) 


Comparing equations (1) and (2) we have 

W = 300 Hp 

where W is the energy of the particle in electron volts, provided H is 
expressed in gauss and p in cms. 

This relation simplifies the method of evaluation of the energy 
of the particle from experimental data. The approximation made 
(vtz., vc = c 1 ) is justified for most cosmic rays which are electronic 
in nature and of very high speed. Taking a concrete example, if 
H = 14,000 gauss, p = 24 metres, 

W = 300 x 14 x 10 3 x 24 x 10* eV 

= 3 x 14 x 24 x 10 7 = 1*008 x 10 10 eV 

The momentum p of the particle is also used in the analysis of 
cosmic ray tracks and it can be shown that p — 300 Hp (eV) / c with 
no approximations being made, unlike in the case of the energy W. 

Experimental details. In order to measure the energies of 
the cosmic ray particles passing through the cloud chamber, the 
following points must be carefully attended to in practice :— 

(») A vertical cloud chamber of large dimensions , counter-controlled 
for its operation as the one described on p. 1029 is used. Such a cham- 


















1052 


PHYSICS OF THE ATOM 



f T> h he ff Ud / 0 ^ hi g h i energy cosmic ray particles co- 
3 1 Cally ■ Jt has fc f le further advantage of making the particles 

H iem selves take good photos of their own tracks 

V 1 1 economy and quick results, since the 

c lam jer functions only when a cosmic ray passes 

_ iroug . the chamber and the counters in coinci- 
ence simultaneously and the inertia of the mecha¬ 
nical parts is reduced to a minimum, so that the 

rack is photographed within an extremely short 

before the ions nroduced 


Luiiu airer expansion 
diffuse to am 7 appreciable extent. 

(n) The chamber is placed between the pole- 
pieces of a large and powerful electromagnet , giving 
a horizontal strong field of the order of 15,000 to 
25,000 gauss and uniform over the whole area of 
the chamber. The adjacent photo was obtained 
with a vertical cloud chamber, designed by 
Leprince Ringuet, (Cf. p. 1029) placed between the 
huge pole-pieces of the powerful electromagnet at 
Bellevue, Paris. Some of the incident cosmic ray 
particles are so energetic that even high fields fail 
to deflect them into an observable curvature. 
Anderson overcame this difficulty to a certain 
extent by inserting a metal plate absorber across 
the centre of the chamber, which reduced the 
energy of the incoming particles so that the tracks 
that entered the plate with a slight curvature 
emerged with a sharper curvature. 

(Hi) The tracks are photographed stereoscopic 
cally , which give precious information about the 
direction and orientation in space of the passage of 
the particles through the chamber. For this pur¬ 
pose, either a stereo* cam era is used and the photo 
of the image of the chamber reflected by a mirror 
set at 45° is taken or an ordinary camera is fitted 
into a hole in the pole-piece along with a mirror 
suitably placed at the side of the hole and the two 
views of the chamber, one direct and the other 


A fosmio ray ovonl 
obtained with a 
vertical cloud 
chamber. 

(Leprince Ringuet) 


reflected by the mirror, are recorded together on the same film. 

(iv) Special precautions have to be taken to avoid distortion of the 
tracks , arising chiefly from two causes, known as chamber and optical 
distortions. Chamber distortions are due to (a) the cosmic ray going 
through the chamber before the expansion in a counter-controlled 
arrangement, which makes the original track to be subjected to a 
strain by the sudden expansion, (&) the motion of the condensation 
droplets through the gas of the chamber which renders impossible photo¬ 
graphing without distortion later than about 0*25 sec. after expan¬ 
sion, (c) convection currents caused by the rapid fall of the central 
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mass of cold gas in the chamber which makes it necessary that the 
chamber be illumined powerfully already before the start of the 
growth of the drops and the photographs taken very soon after the 
end of the expansion and (d) the presence of a metal plate across the 
centre of the chamber, which causes considerable distortions especi¬ 
ally in the neighbourhood of the plate, that could be reduced only by 
a careful temperature control. 

Optical distortions are due to (a photographic lenses which 
must be o large aperture in order to photograph from a direction 
nearly parallel to the magnetic field and hence at right angles to the 
illuminating beam, where the light scattered is very small and (/>) the 
glass plate of the chamber through which the photographs are taken. 


In practice, to secure best results, in spite of the several distor¬ 
tion factors which are unavoidable, curvature corrections are applied 
with the help o a distortion curve drawn from measurements made 
on tracks in zero magnetic field. 

(?>) The radius of curvature of the very slightly bent cosmic ray 
tracks have been measured by the following two methods :— 

(a) The method of coordinates , employed by Leprince Ringuet, 
consists essentially in estimating the displacement of the centre oi 
the circular arc, in which the bent track lies, by means of a graph 
plotted bn a magnified scale, with the coordinates of different points 
on the track measured with a travelling microscope. From the cur¬ 
vature thus graphically obtained the radius of curvature p is readily 
measured by using the relation p — J 2 /8d, where l is the length of 
any chord on the curve and d the distance between the centre of the 
arc cut off by the chord and the mid-point of the chord. 

[b) The optical null method , more accurate than the previous 
one, chiefly when the length of the track is not great, has been used 
by Blackett. It is based on the fact that it is possible even with the 
naked eye to judge the straightness of a line with remarkable accu¬ 
racy, if it is viewed very obliquely along its length. This allows the 
development of a null method, in which the curvature to be measur¬ 
ed is compared by some optical device so as to reduce the actual 
measurement to a judgement of straightness. A convenient practical 
.way of doing this is to project the image of the curved track on a 
white screen and then to place in front of the lens of the projector a 
suitable curvature-producing device. To compensate very small cur¬ 
vatures, an inclined glass plate with parallel sides can be used, while 
lor large curvatures achromatic prism is convenient. The apparatus 
is calibrated by the use of lines of known curvature, which have been 
ruled with a beam compass on the emulsion side of a photographic 
plate, so that the radius corresponding to the measured curvature 
can be readily obtained. 

ipi) To measure the energies of the highly penetrating compo¬ 
nents of the cosmic ray particles, a sufficient thickness of lead block is 
interposed between the two coincidence counters that control the 
functioning of the chamber, the eounter system with the lead block 


4 
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in between being placed either above or below the chamber Under 

cSmb C e 0 r nd and n heT tr +h e ' y . hig . h CnCrgy P articles alone can enter the 
dually d their tracks Can be Photographed almost indivi- 

chamh^r 5 ] 1 ??' Ande / S ° n and Neddermeyer using a cylindrical cloud 
n f a “ b ®5 17 c “ s in diameter and 4 cms. in width between the polo- 

15 OOO ™ 6 r m u gnet ca P able of giving a magnetic field of 

studied and Photographing cosmic ray tracks 12 cm. long, 

hv^dlaw energy djstribution of cosmic ray particles at sea level 

L,. tbe e ™ r 9y-spectrum curve from experimental data, t'.e., by 

enervv 8 nf e P umbe ^ °[ tI- acks in a given energy interval against the 

values of 5 y e io» ar i 7 CleS Tn ^ heir ener ^ measurements went up to 
chamber X C j' - Blackett . using a larger cylindrical cloud 
of 14 onn 2 ^ diameter and 3 cms. in width in a magnetic field 

n , gauss, with which cosmic ray tracks 17 cms. long could be 

ravs im?, fm’o '\f S ? b ^ e • t0 ex . ten d the energy spectrum of cosmic 

lo^L ^ . , e ^‘ , ^0P rince Ringuet and Crussard with the very 

_ f c *! chamber, 55 cms. high and 16 cms. wide and a 

g m e of 13,000 gauss obtained with the big Paris magnet 

were able to measure energies up to 2 x 10»® eV of the extremely 

penetrating cosmic rays which could pass through 7 to 14 cms. of 

lean absorber and yet produce a track of about 40 cms. in length. 

a c of these workers gathered their experimental data from 

severa un reds of tracks. The results obtained may be summarised 
as follows :— ^ 


(t) Energy distribution and sign of charge of the very high energy 

a°T\5r*\7 ra y P ar ^ c ^ &s near sea level . Anderson, discarding tracks under 
* ov as likely to be produced by low energy phenomena, found 

that 75% of the tracks had energies under 4 x 10 9 eV. The photo- 
p'aphs further showed tracks of opposite curvature, proving that 
oth kinds of charged particles, positive and negative, were present 
111 the cosmic rays up to energies of 6 x 10 9 eV. The distribution of 
energy in the two kinds of particles was about the same and their num- 
ers were in equal proportions , although the positives seemed to be slight - 
ly in excess . Blackett’s results substantially confirmed those of 
Anderson, except for the additional finding that the particles with en- 
er 9y greater than 10 l<t eV seemed to be mainly positive . Leprince Ringuet 
working with very high energy particles obtained by a 7 cms. lead 
filter found that, while in the energy range of 1 to 2 x 10 9 eV parti¬ 
cles of both signs occurred in nearly equal numbers, particles of higher 
energies up to 2 x 10 10 eV were predominantly positive . Although 
2 x 10 10 e\ r appears to be the limit up to which cosmic ray energies 
can be measured with the cloud chamber, there are strong indirect 

evidences for some of the particles having energies even as high as 

10 18 eV.^ 

The and “hard” components . The penetrating power 

of the cosmic radiation into an absorber was also studiedCjn these 
experimentsiby measuring the loss of energy, given by the difference 
m curvature of the cosmic ray track before and after it had passed 
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tlkfe absorber placed inside the chamber. Different heavy metal 
sheets of Cu, Pb, Pt and Au of varying thicknesses were used. 
Analysis of the data thus gathered showed the existence of two com¬ 
ponents in the cosmic rays at sea level, one highly penetrating, i.e.> 
the hard component, represented by certain isolated tracks which 
passed almost straight through large thicknesses of the absorber, 
thereby indicating very little loss of energy in the absorber, and the 
other less penetrating, i.e. t the soft component, represented by the 
more frequent po sitive^jliLBOgative t rac ks w hich were fairly easily 
absorbed, losing a good amount of energy in the absorber. These 
findings are in accord with the results obtained by the study of 
absorption of cosmic rays in matter, described in an earlier section. 

(tit) Nature of the particles in the cosmic rays at the sea level* 
Although there are positively charged particles in the cosmic rays 
observed in the cloud chambers, there are good reasons to believe 
that all the rays studied at sea level are secondaries produced in the 
atmosphere itself and do not contain the primary positives (detected by 
the east-west effect) that enter the atmosphere from above, as already 
indicated in connection with the altitude effect. The excess of post - 
tives among the very high energy particles at sea level , whose number 
appears to augment with increase of energy , according to the results 
obtained by Leprince Ringuet, may be due to the fact that high energy 
negatives are more easily absorbed in had than are high energy positives 
on account of the strong positive charge of the nucleus in the absorber. It 
niay aJso be due to the emission of high energy positive particles by 
nuclei disintegrated by'cosmic rays, chiefly the single isolated positive 

tracks Observed in the chamber. It is to be noted that while the 

■ K 

primary positives are probably protons, almost all the particles met 
with in the cloud chamber have been shown not to be protons, 
although at the high energies involved proton tracks would be indis¬ 
tinguishable from electron tracks. 


The soft component part of the observed cosmic rays apparently 
consists of free electrons , negative and positive , in equal numbers , as 
established by the discovery of the positron and the study of the 
phenomenon known as cosmic ray showers. The particles constituting 
the hard component , first suggested as possibly protons by the French 
scientists on account of their finding a positive excess in this range 
ot energy, have been conclusively shown by more recent experi¬ 
ments to be a new type of particles known as mesotrons , whose, mass is 
intermediate between that of electrons and protons and whose greater 
penetrative power is due fundamentally not to their greater energy 

but rather to their different nature, distinct from electrons and 
protons. 

The cloud chamber studies of cosmic rays have thus been 
extremely fruitful, leading up to discoveries of far-reaching signi- 
suc ^ two new particles, the positron and the mesotron , 
an the so-called shower phenomenon. These important aspects of 
cosmic rays will be considered in the following pages. 
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9. THE POSITRON 

The positron is a fundamental particle which is the exact counter¬ 
part of the electron, i e. y identical with the electron, except for the 

positive sign of its charge. The possible 
existence of such a particle was pre¬ 
dicted by Dirac in connection with his 
relativistic wave mechanical theory of 
the electron, long before it was actual¬ 
ly discovered. (67/. pp. 489-91). 

Discovery. The credit of the 
discovery of the positron goes first to 
Anderson and next to Blackett who, 
in their researches on cosmic rays with 
the cloud chamber, arrived indepen¬ 
dently, in 1932, at the same conclu¬ 
sion about the existence of this new 
particle. Among the cosmic ray tracks 
photographed with the cloud chamber 
in a strong magnetic field, Anderson 
found a certain number which were 
exactly like those produced by elec¬ 
trons, as regards general aspect and density of track, but bent in a 
direction opposite to that of a negatively charged particle. This 
meant that either the particles which produced such tracks came from 
below , in which case they ought to be also electrons , the inversion of 
curvature being due to the change of direction of motion, or they 
came from above and then they ought to carry a positive charge. The 
first alternative was very improbable in the actual arrangement of 
the apparatus, chiefly since cosmic rays of great energy, came from 
above. In any case the sign of the charge of the particle could be 
definitely fixed only when the direction of motion of the particle was 

known. 

In order to decide this point, Anderson took photographs of 
tracks with a lead sheet placed across the centre of the chamber. One 
of these historic and highly important photographs, which definite y 
showed that the sign of the charge of the particles which made posi¬ 
tive curvature in a magnetic field was undoubtedly positive an 
thereby led to the discovery of the positron, is reproduced n® 1 ^* 
The track obviously represents the path of a single particle w 1C 
traverses the lead plate of 6 mmTfchickness. Its general appearance 
closely resembles that ordinarily produced by an electron. It is 
curved below the lead sheet than above. The difference in 
vature must be evidently due to a loss of energy by the particle in 
the lead plate, the direction of motion being assumed to be Irom w 
side where the track is less curved to that where it is more c 
indicating a diminished speed. . Measurement of the radius 0 £ 

vature of the track below and above the plate gives the ®n e ^ 

theparticle as 63 MeV and 28 MeV respectively. The loss ol energy 
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Discovery of the positron. 
(Anderson) 


in the absorber is therefore 40 MeV, which is approximately the 
amount of energy one would expect such a parti<51e to lose in a lead 
plate, 6 mm. thick. Hence, 
the particle must have been 
moving upward. If this 
conclusion is correct, then 
the sense of the curvature 
of the track and the known 
direction of the magnetic 
field show definitely that 
the particle carries a posi¬ 
tive charge. 

The fixing up of the 
sign of the charge of the 
particle as positive does not, 
however , prove at once that 
the particle is a positive 
electron. It might veuy, well 
be a proton, even if the 
general appearance of the 
track resembles that ordi¬ 
narily caused by an elec¬ 
tron. For, at the high energies involved the relativistic mass of an 
e ectron approaches that of a proton and in consequence there exists 
very ittle difference in the specific ionisation (directly proportional to 
he actual mass of the ionising particle) produced by them so that 
their tracks are no more easily distinguishable. 

But, Anderson, continuing his analysis of the track, was able 
i 8 . ow ™at it was definitely riot produced by a proton. A proton 
eaymg a track having a curvature of the amount seen above the 
mate would have an energy of only 300,000 eV and a proton of such 
f 18 known to ionise much more heavily than what is indi- 

onlv l ^ e ^ rac k* Moreover, the range of such a proton can be 
my about 5 mm., whereas the actual track shows a range of 5 cms. 

rhn rQ( ^ re ’ kLemce, he concluded that the track was caused by a positively 

whlch must have a mass much less than that of a proton , 

narHM he that °f the e lectro ”" Thus a hitherto ' unknown 

i ( iscovered, which Anderson called the positive elec¬ 
tron or positron. r 

douhtf^li 6 scov ® r y °[ such a new particle would have remained 

versfdv • & u^ er a ^.’ a ^ cw pfi°f° s "'here the tracks are curved in- 
no*. e attributed to some parasitical complications—had 

placed beyond^oubTthT ll ° : ^ <,lhe r ''° rkeM S °°" followed whlch 

yuiiu riouDt the existence of positrons. 

taenon mf*f UC ’a V ^ important confirmatory evidence was the pheno- 

showers ^VY n cosm * c ra .V s themselves and known as cosmic ray 

cloud chAmhl e Z f n uas first to indicate the existence, in his 

sitQultanpirmoi r -P °^ 09 * several tracks of cosmic rays arising 

•Sd «ro U m of T ab ° U l t the samo Anderson himself had 

£7 ” such rays, bent in opposite directions and radiating 
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from a common place. But it was Blackett and Occhialini who, with 
their ingenious counter controlled cloud chamber, were the first to 

place in clear evidence this interesting 
cosmic ray phenomenon of “showers”. 
One of the earliest photos of such showers, 
obtained by Blackett, is reproduced here. 
It consists of two groups of tracks bent in 
opposite directions, originating from a 
common point, usually in the massive 
metal parts of the apparatus, such as the 
inass of copper Avire surrounding the 
chamber. The two groups consist of an 
approximately equal number of tracks, 
thereby indicating that a shower contains 
positively and negatively charged particles 
in about equal numbers. The mean aspect 
is the same for the negative as well as the 
positive tracks, suggesting a perfect 
symmetry between the two kinds of 

Cosmic ruv shower. particles which would thus have the same 

(Blackett) intrinsic mass with equal charge but 

opposite in sign. From the measurement 
of energies and amount of ionisation, it can be shown that all the 
trucks in a shower ore due to particles which are electronic in nature. 
The common spot from which a shower is found to originate decides 
the direction of motion of the shower particles, t.e., outward and not 
inward. Under these conditions, the sense of curvature of the tracks 
unambiguously fixes the sign of the charge. A more detailed study 
of the cosmic ray showers will be considered later. For the present, 
it is enough to remark that the “shower” phenomenon proves the 
existence of positrons in a very convincing manner. 

Other sources of positrons. Though it was in association 
with cosmic rays that positrons were first discovered, other experi¬ 
mental sources of positrons were soon found, which not only con¬ 
firmed the results obtained by Anderson and Blackett but also threw 
light on the different possible mechanisms involved in the production 
of positrons. The two important methods by which positrons can d 
readily produced and which have been extensively studied are : 

(A) materialisation of radiant energy : 

(B) artificial or induced radioactivity* 

A. Materialisation of radiant energy. Chadwick, Blac c 
and Occhialini in England, Curie and Joliot-in France, have 

Phillip in Germany and Anderson and Neddermeyer in Amer 
studied this source of positrons in great detail. 

The principle oi the method, as already stated ( Cf • PP* , * 

401 and 490 ), is that when hard y-rays of energy grea ^ 

2m n c* 1 MeV arc absorbed by matter, the quantum of r 
sometimes completely absorbed with a simultaneous pro uc i 
electron-positron pair. 
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The experimental procedure consists in irradiating different 
elements with y-rays emitted either from a (Po -f- Be) source with 
an energy of about 5 MeV or from ThC" of energy 2*62 MeV. A 
cloud chamber containing the element on which the y-rays act and 
maintained in a magnetic field is used to photograph the tracks ot 
the electron-positron pairs produced. To exclude from the chamber 
the photoelectrons and Compton electrons which might confuse the 
issue, the y-rays are filtered with thick lead screens and the chamber 
itself is well protected with similar screens. 

Two photographs, one obtained by the English workers and the 
other by the French, are reproduced here as typical illustrations of 
the phenomena studied. In the first 
one, the tracks of the positron and 
electron starting from a common 
point in the lead absorber surround¬ 
ing the chamber and bent in opposite 
directions under the influence of 
the applied magnetic field are Seen. 

The straighter oj the two is the track 
of the positron. The horizontal bar 
is a plate of aluminium about i cm. 
thick, which the positron has not 
penetrated. In the second (given 
below), we have a positron-electron 
pair produced by a y-ray in the gas 
of the cloud chamber. 



An electron-positron pair 
produced by y-rays. (Blackett) 


Results. Measuring the radii of curvature of the tracks, the 
Kinetic energies of the two kinds of electrons can be readily computed. 

rom a statistical study of a great number of such tracks the follow¬ 
ing results have been obtained :— 



Of?hfiM r0 ^ UCt ' On in the 

c kmd chamber. (J© 


(a) The number of positrons pro¬ 

duced increases with the energy of 
the incident quantum and the atomic 
number of the element irradiated . 
This shows that of the three me¬ 
thods of interaction of radiation 
with matter, viz., photoelectric ef¬ 
fect, Compton effect and pair pro¬ 
duction, the last one assumes a pro¬ 
minent role when high energy quanta 
and heavy elements are involved (Cf 
p. 366). Jt 

(b) The phenomenon occurs only 
when the energy of the incident radia¬ 
tion is greater than 1 MeV , but never 
for lower energies. Furthermore, the 
kinetic energies of the pair particles 
are related to the energies of the inci - 
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dent quantum according to the expression 

Av = E+ + E' + 1*02 MeV, 


where Av is the energy content of the radiation, E + and E” the mea¬ 
sured kinetic energies of the positron and electron respectively. 
Since it can be shown that 1-02 MeV is the energy corresponding to 
the rest-masses of the electron and positron, viz2m Q c 2 (their masses 
assumed equal) and since the pair originate simultaneously from a 
common point, one i3 forced to conclude in the first place that this 
phenomenon of pair production is a veritable materialisation of radiant 
energy unknown to classical physics . Secondly, as experimental data 
verify the above relation in every case studied, the assumption invol¬ 
ved about the rest-masses of the positron and electron must be con¬ 
sidered valid so that one is compelled to admit that the mass of the 
positron should be the same as that of the electron . 


(c) The observed maximum energy of the positrons produced V 
given radiation is independent of the nature of the absorber , TfjJs Wfr 
gests that pair production does not take place inside the nucleus , sfflra 
if the process had a nuclear origin a variation of energy of the 
positron with the kind of nucleus would be expected. This is fur¬ 
ther confirmed by calculation made by Blackett from experimental 
data of the effective cross-section for pair production, which is found 
to be nearly ten times greater than the diameter of the nucleus. 
Hence pair production is not essentially a nuclear phenomenon , but extra- 
nuclear occurring in the Coulomb field , outside the nucleus , although 
the presence of the nucleus seems to be necessary as a sort of catalyser 
of the materialisation of energy , required for the conservation of 

momentum. 


(d) The energy distribution curves of the positron and elect¬ 
rons are similar, but in several cases the positron energy is greater than 
the electron energy : (E+ > E‘). This is explained by the fact that 
the pair is created in the neighbourhood of the nucleus. Assuming 
that both the particles are produced with the same amount of kine¬ 
tic energy, the positron, being repelled by the nuclear field, gain 
kinetic energy, while the electron, being attracted, loses it. 

Theoretical interpretation of results. These experimental 

results are in accord with the general atomic theory , according to w ic 

the positrons have no 
room inside the nucleus, 
and must therefore be 
born outside the nucleus. 
Such being the case, to 
conserve electric charge 
an equal negative charge 
must also be b° rn 

simultaneously, since 

the incident quantum 
has no Con “ 
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servation of angular momentum demands, in its turn, that the posi¬ 
tron should have a spin 1 / 2 like the electron, as there is evidence that 
the incident photon cannot have a half integral spin associated with 
it. This is the phenomenon of pair production whose mechanism is 
illustrated in Fig. 317. 

The experimental discovery of the positron has also been a triumph 
for Dirac's theory , according to which, pair production occurs when a 
high energy quantum Av removes an electron from a negative energy 
state — [Ei] and places it in a positive energy state + E 2 = Av — 
in a manner similar to the ordinal photoelectric effect. Then it is 
observed that a negative electron of energy E, and a positive electron 
of energy E x are created, the light quantum being completely absorbed. 
The converse process of annihilation of matter predicted by the theory 
of Dirac in which an electron from a positive energy state falls into a 
hole in the negative energy state — [Ei] thereby causing the union 
of the positron and electron with their consequent annihilation as 
material particles and production of radiant energy {E 2 { [Ei]} lias 
also been experimentally observed, as we shall see presently. 

Bethe and Heitler's theory of pair production. On the basis of 
Dirac’s theory, Oppenheimer and Plesset (1933) and Bethe and 
Heitler (1934) have estimated the probability of pair production and 
obtained theoretical expressions for the effective cross-section for 
pair formation between a y-quantum of energy Av and a nucleus of 
charge Z. It is found that the phenomenon cannot be expressed by 
a simple formula for the whole energy range, since different approxi¬ 
mations are required. Furthermore, the theory is expected to break 
down when Av ^ 137 m 0 c g ^ 70 MeV. With this restriction, the 
deoretical formulae show (1) that the probability of the process of 
creation of pairs is directly proportional to the square of the atomicnum¬ 
ber (Z 2 ) of the absorber and (2) that it increases rapidly first with in¬ 
creasing energy of the incident quantum , reaching an asymptotic value 
for very high values of Av. 

The manner in which the total available energy (Av — 2m 0 c 2 ) is 
shared by the two particles of the pair has also been investigated and 
it is found that the distribution would be symmetrical except for a dis¬ 
tortion due to the fact that since the positron is repelled and the electron 
attracted by the nucleus , the former has on an average a somewhat 
higher energy than the latter , the difference being proportional to the 
atomic number Z though negligible for small values of Z. 

Theory predicts also that the two particles of the pair tend to 
come off within a small angle of the direction of the incident quantum , 

bemg ejected in a nearly straightforward direction for high energies 
of the photon. 

These consequences of the theory are qualitatively at least in 
agreement with the experimental results stated above. Direct study 
°1 the absorption of hard y-rays of energy 2*02 MeV in heavy ele- 
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ments by Chao (1932), Meitner and Hupfield (1932), Gray and 
larrant (1934) and others show that the absorption coefficient is 
larger than can. be accounted for by the Compton scattering and 
photoelectric absorption and that the additional absorption is pro- 

* j consonance with theory. The absorption due to 

pair production may assume a preponderant importance over that 
ue to Compton effect, so that the total absorption of y-rays passes 

through a minimum and then becomes very great for radiations of 

great energy. Hence, if at all there exists electromagnetic 
radiations in cosmic rays, it is probable that they cannot reach the 
surface of the earth, being absorbed rapidly in the atmosphere. 

leasurement of the energies of the pair particles ejected in gases, 

such as argon, krypton, xenon and methyl iodide by Simons and 
Zuber (1937), Grosev and Frank (1938) and others confirm qualita¬ 
tively the theoretical prediction about the difference between the 
average kinetic energies of tho particles of the pair. As regards the 
angular distribution, experiments performed by Adams (1937) lead 
to results in fair agreement with theory. In conclusion we may say 
that the theory is correct, even quantitatively, for energies of the 
order of 3 to 10 m 0 c 2 . Cosmic ray studies indicate that the theory 

is probably valid even up to energies very much higher than 
137 m 0 c 2 . 


Several other processes in which energy materialises it¬ 
self with consequent pair-production have been theoretically 
predicted. Some of these have received sufficient experimental 
confirmation, some very little, and finally others none at all. 


Thus, for instance, Nedelsky and Oppenheimer (1933) have 
analysed pair formation by the internal conversion of the y-rays given 
off a fter & nuclear transmutation . When light elements are bombar¬ 
ded with a-rays, pair production sometimes results. Joliot and 
Curie using (Po -f- Be) found that when this source of y-rays was 
placed near the orifice of the cloud chamber without any absorber 
at all, the source itself directly emitted positron-electron pairs. The 
energy of the pair particles was of the order, of some millions of 
electron-volts. The amount of production was too high to admit 
that they were produced by materialisation of the y-rays with the 
atoms of Be, an element of small atomic weight. Hence, the rela¬ 
tively intense emission was interpreted as resulting from the internal 
materialisation of the y-rays as they came out of the product 
nucleus C lf formed in the transmutation of Be by the a-rays of Po. 
The probability of the process calculated from theory appears to be 
in good agreement with experimental results, and it seems to dimi¬ 
nish rapidly as the atomic number of the element increases , which fact 
differentiates this internal conversion mechanism of pair formation 
from the one considered above. 


Francis Perrin (1933) has suggested another process where 
a pair is generated when a photon interacts with an already existing elec- 
I 
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tron , In such a ca 9 ©, conservation o momentum demands that the 
energy of the incident photon should be greater than 4>« 0 c : , hence 
double the energy necessary in the 
case of a nucleus. 1 f the process 
can be experimentally observed, 
say in a cloud chamber, there will 
be three tracks of electrons, two 
negative and one positive, directed 
in the forward direction, emerging 
from the poirit where the invisible 
track of the photon, ’which has 
disappeared, has stopped, in a 
magnetic field, two of the tracks 
will have negative curvature, while 
the third positive curvature. The 
individual energies of the particles 
v ill be different and their inclina¬ 
tions with the direction of the 
photon also different. s he proba¬ 
bility of this process will be Z 
times smaller than in the case of 
t he nucleus, since the cross-section 
for materialisation near a nucleus 
of charge Z, being proportional to Z 2 , will be Z times less relative 
to any one of the Z peripheral electrons. Certain cloud chamber 

photos taken by Curie Joliot 
and specially the one obtained 
by Ogle and Kruger 1945) with 
the 2*68 MeV y-ravs from arti¬ 
ficial radioactive Na 24 and re¬ 
produced here appear to con¬ 
firm the existence of this type 
of materialisation of energy. 

Furry and Carlson (1933) 
have worked out the theorv for 

4/ 

pair production by the interaction 
of a high energy electron vnth an 
atomic nucleus , which assumes 
that even forms of energy uttier 
than ihc radiant type, and in 
particular kinetic energy , can 
materialise itself. A pri¬ 
mary electron or positron of 

Materialisation of a photon in tto l'>g h energy, passing through 
field of an electron.(Og!e & Kruger) the CouluTit • field of a nucleus 

may lose part of its energy 
in the production of pairs. This process is similar to the materi¬ 
alisation of radiant energy, except for the fact that the created pairs 
receive only a small portion of the energy of the primary electron, 
unlike in the other case where all the energy of the incident 
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Stnhil 3 ab j° r ^ ed ' A few cloud cha mber photos obtained by 

and Stepenowa (1934) where an electron suddenly stops 

mlh ? P °T. ° f ; SGparation of two apparently paired tracks 
J? correspondto this type of materialisation of energy. But 

nothing ° rkerS affirm fc hat the phenomenon observed by them has 
pS ’ n t “ T th the mechanism considered by Furiy and 

when diffWr t & i 16 re ^ ers to *he case of ejection of a positron alone 

elements are bombarded with electrons,-where the pro- 
bility of the process decreases with increase of atomic number of 

a theoretical expectations. A more recent 

.j u y, y Crane and Halpern (1939) has shown that there is 

electron : bombardment^ ° reati ° n ° f either pairs or positrons by 


r Other mechanisms of materialisation of energy, such as collision 
°, r w .° ^ e ^ t r°ns, one of which has an energy greater than 6 m 0 c 2 and 
ision o two high energy photons have been considered, but have 
received no experimental confirmation so far. 

• Emission of positrons l>y artificially produced radio- 

elements. Artificially induced radioactivity has provided another 
excellent source of positrons, as we have already seen (Of. pp. 968-77). 

ere are more than 60 of the artificial radioelements that emit 
positrons, softie of them having quite long periods. Thus convenient 
and copious supplies of positrons can be had in the laboratory to¬ 
day as by-products of artificial radioactivity. 

The idea of interpreting the ejection of positrons from artificial 
radioeleme nts by the general mechanism of materialisation of energy, 
in one form or another, say internal conversion of y-rays, is both 
simple and attractive. But there are very serious difficulties against 
such a hypothesis. In ail meterialisation processes there ought to be 
a simultaneous formation of pairs, i.e. f positrons and electrons, while* 
in the case of artificial radioactive substances, only positrons or elec¬ 
trons and not pairs are ejected. Furthermore, the emission takes place 
for a considerable time y very much like in natural radioactivity, while 
one would expect an instantaneous emission in the materialisation 
process. No satisfactory solutions have yet been found for these 
difficulties. Authors limit themselves, therefore, by S&ying that the 
emission of positron by an artificial radioelement does not take placdtfn 
the extra-nuclear Coulombian field of the atom , but is caused by fhe 
transformation of a proton into a neutron inside the nucleus itself* so 
that it is to be considered as a nuclear phenomenon . 

Investigations on the nature of the positron* Researches 
made to determine with precision the nature of the positron consisted 
chiefly in the measurement of its mass, charge and e/m value, as well 
as its absorption in matter. The main purpose was to establish the 
identity of the positron with the electron except for the sign of the charge, 
but the experiments on the absorption of positrons were intended 
also to verify the theoretical prediction of the phenomenon of annihi¬ 
lation of matter . 
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The mass of the positron. Anderson, estimating the 
amounts of ionisation produced by the positron and electron from 
their respective cloud chamber tracks of same curvature, was able to 
conclude that the masses of the two particles could not differ by 

more than 20%. 

♦ 

Chadwick, Blackett and Occhialini have made a more accurate 
determination of the mass of the positron by measuring the energies 
of positrons in the pairs produced by the absorption of Y’ ra y s 
known energy. The principle of the method is as follows : The 
phenomenon of pair production is governed by the relation 


hv = -f“ m 2 )c 2 + E* ^2 

where hv is the energy of the incident quantum, mi the mass of the 
electron, m 2 that of the positron, c the velocity of light, Ei and E 2 
the kinetic energies of the electron and positron respectively. Con¬ 
sidering the case of maximum kinetic energy (E OTax ) of the positron 
which corresponds to zero kinetic energy of the electron, the above 
expression can be written as E m0X = Av — (mi + m 2 )c 2 . Since Av is 
known, if E wai can be estimated experimentally, the value of m z can 
be readily.deduced in terms of m\. 

The experimental procedure consists in obtaining cloud chamber 
tracks of pairs, using Y-rays of known energy, say those emitted by 
ThC" of 2*62 MeV, and a suitable absorber. The energies of a large 
number of positrons are measured from the track curvatures caused 
by a known magnetic field in which the cloud chamber is maintained. 
Drawing the energy distribution curve the value of Q max can be found. 
Substituting this value in the above relation, the mass of the positron 
in terms of that of the electron is readily obtained. In this way, it 
was found that m 2 = (1*02 =fc 0*10) m u which proves that within the 
limits of experimental error the positron has the same mass as the 
e lectron . 


The charge on the positron. Application of the principle of 
conservation of electron charge to pair production clearly indicated 
that the charges on the positron and electron must be equal and 
opposite. Hence no attempt has so far been made to measure directly 
the charge on the positron. Anderson has made indirect estimates of 
this quantity from studies of cloud chamber tracks. First of all, 
bom the observed curvature and ionisation, he showed that the 
charge on the positron could not be twice that of the electron. 
Secondly, measuring the specific ionisation produced by the positron 
and finding that it did not differ from that of the electron by more 
than 20%, he argued that, since the specific ionisation is proportional 
to the square of the charge, other conditions being the same, the 
charge on the positron could not differ from that 6f the electron by 
*nore than 10%. Other workers, such as Thibaud (1933), Spees and 
Zahn (1940) have attempted to establish the numerical equality of 
charge on the positron and electron by measuring their (ejm) values 


l 
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with highly refined 
considered briefly. 


experimental techniques which 



now be 


first to coni rare thc°sner5f^^f positron. Thibaud was the 

bv an ingenious modified l f*h° S °^ le positron and electron 
Ho ero«h„id ^e.h.S Si,r*" 6 * “pectrograph. k„o,v„ „ 

M< rhargtdparticle* imdljr s t i!(f™ ltS * wl * g<, ° d °! 


lit 


• P f mctple of the method, illustrated in TTi^- qic * , . 

i bsing a ner idi.it> *. i J'lunraiea m 318, consists u 

8 1CCUhdr effect Produced on the path of light chkraed cart. 


e path oi light charged parti¬ 
cles, like the electrons and 



positrons, by a strong non- 
uniform magnetic field. The 
source S of the particles is 
placed between the pole- 
pieces of a powerful electro¬ 
magnet capable of develop¬ 
ing a field of 10,000 to 
20,000 gauss, not at the 
centre but at the outskirts of 
the pole-pieces , where the 
field is bound to be non-uni¬ 
form due to the tendency of 
the lines of force to spread 
out into the surrounding 


space. The particles issuing 
Fig. 318. Trochoid method—only one from S will be projecting in 
po e is s own. (Thibaud) all directions in the plane of 

symmetry of the pole-pieces. 
b Each of these particles will 

describe, under the influence of the marginal non-uniform field, alittle 

ring, not completely closed , but drawn out a little so that its path will 
present the forip of a spiral, as shown in Fig. 318, a trochoid contain¬ 
ed between two close concentric circles. All the particles that have 
traversed this rather complicated path ’find themselves concentrated 
at a definite point A, situated diametrically opposite to the source. 
It is at this point A that the different devices used for detecting and 
studying the particles, such as photographic plate, electronic counters, 
etc., are introduced. It is possible to obtain a very convenient non- 
homogeneous radial field by a careful adjustment of the inter-space 
between the pole-pieces. By merely changing the direction of the 
current feeding the electromagnet the field can be reserved at will, 
so that one or-the other of the two kinds of electrons can be made to 
describe the trochoid and concentrate themselves at the point of 
detection. This elegant and effective arrangement, first devised by 
Thibaud, was soon adopted by Curie-Joliot, Fermi and others in the 
analysis of light particles met with in induced radioactivity. 


In the experimental determination of the ejm values for the posi¬ 
tron and electron, 'a semi-circular glass tube connected to a vacuum 
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pump (shown in the adjacent photo) was arranged to occupy the vari¬ 
able marginal region between pole-pieces, 24 cms. in diameter, of 
a powerful electromag¬ 
net which gave a held 
varying from 11,000 to 
18,000 gauss as the inter¬ 
space width was changed 
from 7 to 2 cms. The 
gla ss tube contained at 
one end he source S of 
positrons or electrons, 
which was a thin tube 
containing radon that 
emitted y-rays, enclosed 
in a thin sheet of lead 
(about 2 to 3 mm. 
thick) acting as the ab¬ 
sorber of y-raya and 
producing the electron-positron pairs. The detector A consisted of a 
photographic plato, below which were arranged two grids raised to a 
high potential of 12,000 vc ts. This arrangement was protected from 
direct radiations from the source by interposing a lead block, 10 to 
15 cms. thick. The electrostatic field between the grids shifted the 
trace made on the photographic plate by the charged particles and 
the displacement of the trace enabled one to measure the ejm of the 
particle under test, by the use of the relation d — (L/X/t? 2 ). (ejm) t 
where d was the displacement of the trace under the influence of the 
electric field of intensity X acting along a length l of path of the 
particle, L the distance of the plate from the centre of the field and 
e and v the mass, charge and velocity respectively of the particle. 
Reversing the field direction, the electrons and the positrons could bo 
concentrated separately at the detector and hence their ejm could be 
separately determined, Thibaud found that the ejm of a ‘positron xvas 
tqual to that of the electron within 10%, 

More recently, Spees end Zahn have employed a modification 
of the original Bucherer method ( cf . p. 359), in which the posi¬ 
tions of the source and the detector were interchanged. An electro¬ 
nic tube counter replaced the photographic film. Using the artificial 
radioelement Cu 64 , emitter of both positrons and electrons, as source, 
hey were able to compare directly the ejm of the two particles by 
reversing the deflecting electric and magnetic fields. Their result 

Vr cd ^ *he value of ejm was the same for both the particles within 
/o which in consequence argued to the numerical equality of charge 
ot the two kinds of electrons. 

Absorption of positrons in matter. The study of the ab- 

8 °f n .°^ positrons in matter was first undertaken with a view to 
Tk*k the identity of the positron with the electron. Thus 

nlbaud, using the trochoid method and introducing metallic absor- 



The semi-circular glass tube used in the 
determination of e.jm of the 
positron. (Thilmud) 
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bers. at the point of concentration of the positrons or electrons in the 
apparatus, was able to show that positrons behaved in the same way as 
electrons of the same speed , as regards penetration in matter. 

. But the absorption of positron in matter is of much greater 
interest and importance from another point of view, viz., the possi- 
1 *7 ph ec; king theoretical prediction of the phenomenon of 

annihilation of matter and of acquiring thereby an insight into the 
ultimate fate of the positrons. 

Annihilation of matter. The positrons, penetrating into the 
interatomic regions of matter which swarm with negative electrons 
cannot live there free for long. For, it is an established experimental 
fact that the positive electrons play no part, unlike the negative elec¬ 
trons, in the phenomenon of conductivity, gaseous, metallic or elec¬ 
trolytic. On the other hand, positrons and electrons, existing side 
by side, would necessarily rush together and destroy each other, un¬ 
less a negative proton be postulated, which might bind the positron 
into a new type of hydrogen atom, in a manner analogous to the 
positive proton binding the electron into the ordinary hydrogen 
atom. For, in all atoms, including that of hydrogen, the mutual 
destruction of positive and negative electricity is avoided through the 
usual quantum conditions holding within the atom. 

According to Einstein’s relativistic law, such a fusion must give 
rise to radiant energy, since the disappearing potential energy of two 
separated attracting systems, corresponding to m in the relation 
W = me 2 , must of necessity appear in radiant form. Further, as the 
rest-masses of the two particles that have disappeared are equivalent 
to 1 MeV approximately, the total energy content of the resulting 
radiation must be about 1 MeV. It is assumed that the kinetic ener¬ 
gies of the particles at fusion are negligibly small. Thus we arrive 
at the phenomenon which is usually referred to as the annihilation of 
matter or dematerialisation . 

Applying the laws of conservation of energy and of momentum 
to the process, two possible cases arise concerning the nature and 
energy content of the radiation that results from the union of posi¬ 
tron with electron : — 

% 4 

({) If the combination takes place in free space , removed from any 
third particle , t.e., if the positron unites with a free or loosely bound 
electron, two photons of equal energy , about 1 /z MeV each , will be emit¬ 
ted in opposite directions , since only thus can both energy and momen¬ 
tum be conserved. 

(ii) If, however , the combination takes place near a third particle , 
i.e., if the positron units with electron tightly bound to the nuc¬ 
leus, a single photon of about 1 MeV will be emitted , since the third 
particle can take up the momentum and energy required for their 
conservation, and, being sufficiently heavy, as would be the nucleus 
of any atom, it would take up only a negligible amount of energy. 

Theoretically then, one would expect both typ ^ 9 of photons, 
some of 1 / a MeV and some of 1 MeV. But, since positrons, traversing 
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matter would lose practically all of their kinetic energy before being 
annihilated and hence would be unable to penetrate the int,e ior of 
atoms, the first type of annihilation where two photons, each of 
1 / 2 MeV energy, are emitted would be the most probable process that 
could be observed, while the other single photon emission process 
would be much less probable. 

These theoretical predictions have been well confirmed in the posi - 
tron-absorption experiments carried out by several experimeters. Chao* 
was the first, in 1930, to observe the expected emission of l j 2 MeV 
photons in his experiments on the absorption of the 2 62 MeV y-rays 
of ThC* in lead. Gray and Tarrant, in 1932, performing similar ex¬ 
periments, were able to detect two secondary y-radiations of ener¬ 
gies nearly 1 / 2 MeV and 1 MeV among the scattered rays. They also 
placed in evidence the following special features of the observed 
y-rays : (i their energy did not depend upon either the energy of the 
primary y-rays or the material used as absorber ; (u) they could not 
be identified with any of the characteristic y-rays emitted by the 
absorber ; (tit) their wavelengths were independent of the angle of 
scattering and hence they could not be attributed to Compton 
scattering ; (u>) they were observed only when the energy of the inci¬ 
dent y-ray -was greater than 1*5 to 2 MeV. All these characteristics 
of the observed secondary y-radiations can be easily explained, as 
Blackett and Occhialini first pointed out, only if it be admitted that 
these rays rise from the annihilation in lead of positrons which are 
produced in the lead itself by the primary y-rays. The chief draw¬ 
back of these initial experiments was that the estimate of the ener¬ 
gies of the secondary radiations could not be made with great 
accuracy. 

More direct and convincing proofs of the existence of the anni¬ 
hilation radiation were soon obtained. Thibaud and Joliot, in 1933, 
working independently with the trochoid method and using alumi¬ 
nium bombarded by the a-rays of polonium at ^uurce of positron- 
electron pairs and a photographic plate or G-M counter as detector, 
were able to observe the y-rays emitted in the annihilation process 
when a stream of positrons was directed on a metal absorber such as 
Pt or Pb. By a suitable change of direction of the magnetic field, 
either the positrons alone or the electrons alone were made to strike 
the absorber. When the positrons fell on the metal plate, there 
emerged from the point of concentration y-rays of much greater in¬ 
tensity than when, by reversing the field, electrons were made to fall 
011 : he absorber. By interposing absorption sheets between the emit¬ 
ted radiation and the detector, the energy of the radiation was 
found to be about 1 / 2 MeV. Joliot measured also the number of 
photons corresponding to the annihilation of a single positron and 
found it close to two in agreement with theory. 

Methods of precision of analysing the annihilation radiation be¬ 
came possible with artificial radioelements emitting positrons of great 
intensity. Lauritsen and Crane (1934), employing the positrons 
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. emitted by N 13 obtained by bombarding a carbon plate with 1 MeV 
deuterons, were able to place in clear evidence that y-rays of energy 
V 2 Me\ were really generated by the disappearance of positrons, at 
the rate of two per positron. Richardson and Kurie (1936-38) have 
observed the y-rays from a number of artificial radioelements such as 
^ 13 , V 4( y Cu 04 , etc. They found that while the positron emitters all 
gave rise to y-rays of J / 2 McV energy, the electron emitters did not 
emit this y-ray. No y-ra\ r of 1 MeV was found by them, which prov¬ 
ed that this type of annihilation must be extremely rare. 


Positronium. More recent researches have placed in evidence 
a three-photon annihilation and the consequent existence of a new fun¬ 
damental particle, named positronium. This particle is a bound 
positron-electron system which is formed under certain conditions, 
before the annihilation process takes place. It is analogous to the 
hydrogen atom, except that it has no heavy particle as nucleus. In 

it, the positron and electron revolve around each other with equal 
speed. 


Tiie theory of positronium is much more complicated than that 
of atomic hydrogen/ For, since both the particles in positronium 
move with high velocity t their motion must be considered relafcivis* 
tically and this relativistic system cannot be simplified by motion 
about a common centre of mass, unlike in the case of the hydrogen 
atom. Two forms, the para- and ortho-, are possible in positronium. 
In parapositronium the spins of the two particles are anti-parallel, 
which renders the system very unstable against annihilation. Hence 
parapositronium would quickly decay into two photons of energy of 
l / 2 MeV each, after a very short mean life of only 10" 10 sec. The 
two-photon annihilation, first observed (as described in the previous 
section), is due to the parapositronium decay. In orthopositronium, 
on the other hand, the spins of the positron and electron are parallel. 
This state of affairs prevents annihilation into two quanta, since 
angular momentum could ijot be conserved. Orthopositronium 
should, therefore, rather decay into three quanta to conserve angular 
momentum and this oiUy after a much longer mean life, being much 
more stable against annihilation. The calculated value of the mean 
life of orthopositronium is 1*4 x 10' 7 sec. Further, to conserve 
linear momentum, the three photons must be emitted in a plane, and 
if they have equal energies of x / 3 MeV, they will be ejected from the 
source at equally spaced angle of 120°. According to theory, the 
ratio of occurrence of the three-photon annihilation process as com¬ 
pared to the two photon annihilation process is about 1 to 370. 

The three-photon annihilation was first observed by J. A. Rich 
(1951) with three scintillation counters in coincidence placed sym¬ 
metrically in a plane about a Cu 64 positron source and absorber. Be 
Beneditti and Siegel (1952-54}, with a similar arrangement, setting 
the three-scintillation counters at various angles in a plane contain¬ 
ing the positron source, have shown that the total annihilation 
energy of 1 MeV may divide into three photons in various ways con- 
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serving momentum and having the energies demanded by theory. 
M. Deutsch (1951) has investigated by a direct method the formation 
positronium as an intermediate step in pair annihilation. Using 
as the positron source and a ® the absorber, he has measured 
the mean life of orthopositronium and found it to be about 1-5 x 10* 7 
sec. in good agreement with the theoretical value. 


The formation of positronium is found much more probable in 
some absorbers than in others. For instance, the three-photon emis¬ 
sion observed with “freon” gas as absorber is about nine times as 
frequent as when solid absorbers are used. Addition of a small 
amount of another gas to the one used as absorber has been shown to 
reduce the three-photon emission process, evidently due to the con- 
\ersion of . orthopositronium into parapositronium' Likewise, the 
states of positronium are found to he influenced by a magnetic field. 

1 night naturally increase the probability of an ortho-para con¬ 
version. " L 


y, ^ ate of the positrons. These experiments fairly well estab- 
iJs that the positrons can live in a free state only until they have 
ost the greater portion of their kinetic energy, when they disappear 
uniting with electrons. The mean life of a positron depends upon 

e number of electrons near it. The concentration of the latter in 

matter being very great, the mean life of positrons should be very 
Calculation shows that it is of the order of 10* 7 to 10' 10 sec. 
Ktrernoly short life of the positrons explains why they have 
escape detection for a long time, although cosmic ray studies indi- 
ea e^that they are nearly as numerous as the electrons in nature, at 

wi>h Sea ^ eve ^' They can be observed only in a cloud chamber or 
1 a counter, almost immediately after being formed. 


that ^^ ot ^ er consequence of the very short life of the positron is 

ha ma does not contain positrons in a free state. Certain authors 

tm;a PUt i° rWard ^ ie hypothesis that al i nuclei are ultimately consti- 

reopi 'l? u an d positrons. But this has not been favourably 

C f R - e majority of scientists on account of a number 

dpal£!° U8 .°? :, j ectlons raised against it, as we shall see later, when 
sealing with nuclear structure. 


imnnpfo T dS ^ or . some time thought that the positron might form an 

of the in n cid C pnt Stl ,! Uent ° f the uni Y erse ’ as was supposed that many 
more rpp * cos mic ray particles were positrons. Since, however, 

ved in n 6n , researc bes have shown that most of the positrons obser- 

that ,® sinic ra y s a re of secondly origin, it can no longer be said 

a PDear« contain very many positrons. Thus it 

tron hft.Q * j ether within matter or out in the universe, the posi- 

a ice it iq 1 * - ,n( ^ e P endent existence. When it does make its appear- 

the nearest !fi a ?° Ty sJlor 1 t ' t,rne > since it soon disappears along with 

conserve; e ^. tron > producing radiation according to the laws of 
nservation of energy and of momentum. 


1072 


PHYSICS OF THE ATOM 


10. THE MESOTRON 

The mesotron is supposed to be a fundamental particle (like the 
electron, positron and proton) carrying a single elementary charge 
and possessing a mass intermediate between that of the electron and 
that of the proton. It was first discovered, in 1937, in cosmic ray 
researches. Already two 3 T ears before the actual discovery, it was pre¬ 
dicted by Yukawa in his theoretical study of the nature of intranuc¬ 
lear forces, which fact indicates its importance in nuclear physics. 

Discovery, The credit of the discovery is usually given to 
eddenne} er and Anderson as well as to Street and Stevenson, 
although the former w ere the first to surmise the existence of the new 
particle. It is interesting to note the striking similarity between the 
discoveries' of the positron and mesotron in so far as both were 
theoretically predicted some time before being experimentally detect¬ 
ed and both w r ere discovered by the same persons during the same 
cosmic ray work. But, in contrast to the discovery of the positron, 
w hich came about almost through the evidence of a single cloud 
chamber picture the discovery of the mesotron was the result of a 
vast amount of experimental and theoretical work. 


The experimentally observed facts which constituted the starting 
point in the discovery of the mesotron were the following : (1) The 



existence of the two main components is cos¬ 
mic radiation soft and hard , the latter forming 
about 75% of the total radiation at sea level. 

(2) The hard component consisted cf high 
speed particles positively and negatively 
charged in approximately equal numbers. 

(3) These particles often left isolated single 
tracks in a cloud chamber, the appearance of 
which was very much like those produced by 
electrons as illustrated in the adjacent photo 
containing the tracks of two highly penetrat¬ 
ing cosmic ray particles which traverse in one 
case two lead plates each 1 cm. thick without 
any appreciable change of curvature, thereby 
indicating that they lose very little energy in 
the absorber. (4) The most important charac¬ 
teristic of these particles was, therefore, that 
they were unusually penetrating, nearly 50 U 
of them passing through 100 cms. of tea * 
while the particles of the softer componen , 
presumably electronic in nature, were c<Mn 
pletely absorbed in about 10 to 15 cms. o 

studv of the loss of energy of the two J ; yP e f 

showed that different 


Tracks of highly 
penetrating particles 
of cosmic rays 
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atacne number o f the ^Borber, wh ij e with t^partideg 0 f the hard 

componeiit the loss of energy exhibited no such simple relation with 

. .. nul en . ener gy and was found to be approximately proportional 

to the atomic number of the absorber. J * p 

„ Tr .. r .*“f i f e , c 5 eviden ce. An attempt to interpret adequately these 

d »ta in the light of the existing theories concerning the 

a stronn th« g> K ^ J^ 8t cha ff ed Petioles passing through matter gave 
traS 7 h . g ! 1 tndt / ect evidence to the effect that the highly pene- 

but uj g ._ p a r tlc es ° f cosm,c ra y s were neither electrons nor protons 

°* a new V pe P° ssessin g mass intermediate between those 

°L %:tc n Pl r i S"' tho " gh c " rjing * »"*■» 

deal 1 +t 0n t S Fele I ant t0 the present P robl em are those which 
tvoes If J° SS °L energy b y fa st charged particles due to two 

radiatii ^n V th matter ’ known a8 Rising collision and 

stated as follow?:’ ^ mam distinct,ve features ma y be briefly 

to inehiB^?»f. c ?^*®*°*** Ionisation takes place, as we know, due 

Se ma^wS 18l0n u be a fasi char « ed particle a » d the atoms of 

me material through which it passes with 

areal transfer of energy from the former 

£• th ? , latte f (° { P- 584). The mephan- 
ism oi the phenomenon may be visualised 

ollows: As the fast moving charged 
particle passes near an atom, an electric 
rce develops between it and the orbital 

tr« C ? n8 r *be atom, resulting in a 
transfer of energy to the electrons which 
m consequence free themselves from the 
r ® nt . at om and ionisation follows. The 
J . ec * e ^ e ctrons are known as secondary 
i v ^ fomit and may sometimes be sufficient- 

L! n ? geti , C t0 ioniso other atoms. Such 
Fg l 1C , e ,^ ctron8 are sometimes called 
electrons , as illustrated in the 

cniT« C * ent P ^ oto » w kere a very high energy 
nr^} 1C r ^ y Particle of about 10 10 eV 

‘ Icn U ? GS ^ as a C ^ 0U( 1 chamber a 

i“ 0ckon J electron curved into a circu- 

g e l^ rc the influence of a magnetic 

encr&v S aus 8, with ah estimated 

energy 0 f 6 MeV. 

chargp^rf ^ 3 ' 46 theorefcical . formulae for t he loss of energy ofa fast 
°o relat.ivi-*'‘ C 6 ln an *^ ma ^ er * a ^ due to ionisation have been derived 

others Wd 5 rr r eChan J Cal prindplea by Bethe, Heitler and 

on three factors L the .f n fgy. lo f d «e to ionisation depends 

* ** ^ le magnitude oi the charge carried by the 

Wmm '' -i: 1 : 1 ' 
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Production of a “ knock- 
op” electron by a very 
energetic cosmic iay 
particle (Kdo eV) N 
(J.O. Wilson) 
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particle, its speed and the nature of matter through which it is 
moving, as follows :— 

(t) The loss of energy per unit length of path is proportional to the 
square of the charge of the particle. Hence, for instance, a particle 
with two-fold charge, like the a-particle, will ionise four times as 
strongly as a singly charged particle, like the proton. For the same 
reason, the ionisation will be the same for the positron and electron. 

(it) The dependence of the loss of energy on the speed of the par - 
is somewhat complicated and is best studied by means of a graph 

predicted by theory. It is 
shown in Fig. 319, where the 
number of ions formed per 
unit length is plotted, not 
against velocity, but against 
momentum, since at high 
speeds the mass of a particle 
is no longer constant accord¬ 
ing to the theory of relativity 
and the quantity actually 
measured is not velocity but 
momentum. Two parts AB 
and BC can be distinguished 
in the curve. Along AB, the 
ionisation decreases rapidly as 
momentum increases up to a 
certain limit p Qt which corres¬ 
ponds to the rest-mass of the 
particle or to a speed appro¬ 
ximately that of light. In 
this region there will be heavy ionisation and consequent rapid loss of 
energy. In the part BC, as momentum increases, the ionisation in¬ 
creases very slowly and continuously due to increasing contraction 
of the electric field of the particle towards a plane perpendicular to 
it motion and the resulting increase of sharpness of the impulse 
given to the electrons. This is the region of thin ionisation . Although 
ionisation does not depend on the mass of the ionising particle, the 
transition point p 0 is very important, since it depends on the rest- 
mass of the particle and. hence offers a means of measuring the m» ss 
of the particle under study. It is easily seen that since heavy ionisa¬ 
tion means rapid loss of energy, particles which Heavily ionise are 
always near the end of their career as fast particles and will soon be stop¬ 
ped , while particles which thinly ionise last longer. Furthermore, 
since at a given high velocity, kinetic energy and rest-mass are P*®' 
portional to each other, even in relativistic mechanics, particles J 
equal charge but different masses should produce more or less the 
ionisation at equal velocities. Thus, for instance, a.fast proton whic 
is 1,840 times as heavy as an electron should produce the same 10 ^ 1 ' 
sation and hence the same kind of track in n cloud chamber as t e 
electron moving at the same high velocity and hence with an energy 
1/1840 times as great as that of the proton. According to theory, * 


Fig. 319. Relation between energy Joss 
by Ionisation and momentum of the 

ionising particle. 
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proton track should not be clearly distinguishable from an electron 
track of the same speed, beyond 500 MeV about. But two particles 
the same momentum but different masses will ionise to percepti¬ 
vity different degrees , since their velocities are different . 

(t») Concerning the nature of the material traversed, theory in¬ 
dicates that the energy loss is roughly proportional to the number of 
electrons in unit volume of the material. Since the number of electrons 
(Z) in each atom is approximately proportional to the atomic weight 
(A), the energy loss is roughly proportional to mass. Hence the energy 
loss of a fast charged particle in one cm. of lead will be about the 
same as in 100 metres of air. 


Radiative collision is a phenomenon of nuclear absorption, in 
which a fast charged particle passing close to an atomic nucleus loses 
energy by radiation. The mechanism involved is best understood by 
a reference to the production of X-rays. When high speed electrons 
strike the target of an X-ray tube, due to their sudden stoppage, two 
types of radiation are emitted, viz. t continuous X-rays and charac¬ 
teristic X-rays. The former arise due to the deflection of the electrons 
T ^ e , 8tron 8 h e Ids surrounding the nuclei of the atoms of the target 
with the consequent emission of a pulse of radiation, in contrast to 
e latter which are caused by changes in the internal energy of the 
atoms of the target ionised by the electrons (c/. pp. 596 & 612). As 
he energy of the bombarding electrons is increased to high values, 
e 9'* sev ©ral million volts, the energy that goes into the continuous 
spectrum becomes all in all, while that represented by the charac. 
wistac X-rays is negligible. In a similar manner, wh&n an energetic 
c arged particle passes close to an atomic nucleus, its interaction 
W *+k strong field of the nucleus makes it suffer large decelerations 

wi h the consequent transformation of its energy into an electromag¬ 
netic radiation, which is usually called “ impulse radiation ” or 
remastrahlung** radiation which arises from deceleration). The 

process is therefore named bremsstrahlung process or radiative collision . 

* 

Bethe and Heitler worked out, in 1934, the theory of this type 
interaction of fast charged particles with matter on the basis of 
quantum electrodynamics and derived expression for the lo 3 s of 
er gy involved, which led to the following conclusions :— 

(i) The energy loss by radiation per unit length of path is inverse• 
y proportional to the square of the mass of the particle. Hence the pro- 
hoif■ a great importance only in the case of electrons , its pro- 

i ra P id1 ^ decreasing with heavier particles, for which the 

ioni^ticm 8 ^ rad * a ^ ve c °lli 8 * on negligible compaied to the loss by 

i 

rote of energy loss by radiation is nearly proportional to 
ne energy of the particle , subject to certain restrictions. For, as the 
1 °f the particle decreases, there comes a stage, when the energy 
inntD^r* becomes' equal to and then less than that by 

ionisation (Fig. 320). * 
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The energy at which the two types of loss become equal is 
known as the ‘ critical energy 9 of the radiative collision process. 

Above the critical energy, 
radiation loss alone takes 
place, while at lower ener¬ 
gies, ionisation loss be¬ 
comes important. If is to 
be noted also that the par¬ 
ticle does not radiate all its 
kinetic energy at a single 
collision. Furthermore, the 
radiation is actually emit¬ 
ted in discrete photons, not 
in a continuous fashion as 
in classical theory. At each 
collision, one photon with 
energy between zero and 
the whole energy of the 

Fig. 320- Critical energy in collision particle will be emitted. 

radiation process. According to theory, the 

probability of emfcsion of 
photons is inversely pro¬ 
portional to the energy of the photon and hence photons of small 
energy are very likely to be produced. 

(iii) The energy loss by radiation is roughly proportional to the 
square of the atomic number of the material traversed. This is the 
celebrated Z 2 law which differs from'the Z law, met with in the ionis¬ 
ing collision process,- but is similar to that governing the phenomena 
of materialisation of radiant energy with pair production and of the 
actually observed absorption of the soft component of cosmic rays. 
According to this theoretical Z 2 law, the loss of energy by radiation 
is very much greater in heavy matter such as lead, than in light 
matter as water or air. Likewise, the loss of energy due to radiative 
collision is much greater than that due to ionising collision for fast 
electrons, other conditions being the same. 

A very interesting and important point about this theory of 
radiative collision is that although it was originally expected to be¬ 
come invalid at high electron energies of the order of 137 m 0 e 2 70 
MeV, experiments conducted with normal electrons of very much 
higher energies of the order of 500 MeV, met with in cosmic ray 
showers and bursts, showed that there was no evidence whatever for 
the breakdown of the theory even at those ranges. Nay more, observa¬ 
tions of the shape of the altitude-ionisation curve in the upper at- 
mosphere made by Millikan and his co-workers (1937) pointed to the 
possible validity of the theory even up to energies of lOfiOO MeV 

These theoretical investigations on the loss of energy suffered 
by fast charged particles in their passage through matter and especi¬ 
ally the revealing piece of information concerning the validity of the 
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■wav© mechanical theory oi radiative collision up to*' very high ener¬ 
gies gave the first clue as to the real nature of the highly penetrating 
particles of the hard component, viz., that they were neither elec¬ 
trons nor protons, whatever be their energy :— 

Not electrons. The general appearance of their tracks and the 
existence of positives and negatives among them might, at first sight, 
appear to suggest that they should be electronic in nature. BuJ 
there were several serious objections against such an assumption. 
First oi all, the approximate energy that an electron should possess in 
order to have the high penetration of the particle under study, when 
theoretically calculated, led to values very much larger than any of 
' lie energies associated with cosmic ray particles. Secondly the high 
penetrating power of the particles suggested that Bethe and Heitler’s 
theory of collision radiation involving rapid .absorption as expected 
by the Z 2 law failed in their case ; this, however, could not be due to 
their high energies, since theory was found va id right up to very 

high energies. Hence the true cause for the failure must be sought 
elsewhere. 

the low probability of radiative collision process for heavy par¬ 
ticles might well account for the breakdown of the theory. In fact, 
“ particles were heavy enough not to be suddenly stopped in 
their interaction with atomic nuclei, their energy would not be large¬ 
ly transformed into impulse radiation and their loss of energy would 
not be as important as demanded by the radiative collision, but 
could be explained on the basis of ionising collisions alone. Hence it 
followed that the highly penetrating cosmic ray particles must be heavier 
•han the electrons. Since, however, when fast, they showed an ionisa¬ 
tion much like that of the electron, the theory of ionising collisions, 
according to which the amount of ionisation depends upon the square 
of the charge carried by the ionising particle, demanded that they 
should have not multiple but single charge , like electrons. 

Not protons. For, in the first place, the small number of slow 
protons actually observed in cosmic rays at sea level and below 
out 10%) could hardly represent all the fast particles constituting 
the hard component. Secondly, the specific ionisation of the parti¬ 
cles was found too low to admit their identification with protons and 

suggested that they were definitely lighter than protons. 

* 

, Thus cosm * c ray studies, both from the experimental and 

eoretical points of view, led to the conclusion that the highly pene- 

rating cosmic ray particles forming the hard component were most 

probably a new type of particles with a single charge as the efoc- 

ron and proton and a mass intermediate between the masses of the 
electron and proton. 

r Direct evidence. Anderson and Neddermeyer, in 1936-37, by 
her careful investigations made on the cloud chamber tracks of 
© penetrating cosmic ray particles were able to confirm the above 
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conclusion and place in clear evidence the existence of the new parti- 
cle. Their general method of procedure in the analysis of tracks, 
which were surmised < to have been made by the new particle, 
was to show that the observed range combined with the observed 
curvature as well as the actual amount of ionisation could not be 
adequately accounted for, if the proton or the electron had been res- 
ponsi I© for th© tracks, whereas thsy fitted well a singly cliarged 
particle of intermediate mass. Several among the cloud chamber 
photographs taken, in 1936, at Pike’s Peak, subjected to such tests, 
gave ditect evidence to the existence of the new particle. 

As ftn illustration, the first photograph, in which a track of such 
a particle was recognised, is reproduced here. Out of the six ionising 

particles ejected from the 
same point of the lead plate, 
probably produced in a nuc¬ 
lear disintegration by a non- 
iodising cosmic ray, one is 
far more strongly ionising 
than all the others. ' This 
one, ejected nearly vertically 
upwards, has a range of 4 
cms. nearly ; its measured 
radius of curvature is 7 cms. 
about ; the applied magnetic 
field being 7,900 gauss, its Hp 
is approximately 5*5 x 10 4 
gauss-cm. Now the energy 
of . a proton having the 
observed range of 4 cms. 
would be 1*5 MeV. But a proton of this energy would have a value 
of Hp = 1*7 X 10 5 gauss-cm., or a radius of curvature of 20 cms. in 
the magnetic field used. This is about three times the actual value. 
Hence, if the observed curvature were produced entirely by the 
applied magnetic field it would be necessary to conclude that this 
track must have been left by a massive particle with and ejm value 
much greater than that of a proton, which meant a particle having 
a mass smaller than that of the proton, but still far larger than that 
of the electron. Since the track analysed had a positive curvature, 
the particle must be positively charged. 

Street and Stevenson, in 1937, in order to make sure that such a 
particle of intermediate mass really existed, devised a cloud chamber 
which would record only those penetrating particles which were 
nearing the ends of their ranges and thereby produced heavy ionisa¬ 
tion. (It is only in this region of heavy ionisation that the ionisation 
is at all characteristic of the mass of the particle, so that analysis of 
the amount of ionisation produced near the end of the range gives 
clear indications about the mass of the ionising particles). 

The arrangement of apparatus used by them is 
shown in Fig. 321. The counter-controlled cloud chamber E was 



The first photograph which gave 
evidence to the existence of the mesotron, 
(Anderson & Neddermeyer) 
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disposed between the counters G\, C 2 , C 3 and C 4 in such a way that it 
expanded only when a particle passed through the counters Cx, C 2 , C 3 
but not through C 4 . Thus only those particles which 
stopped be 'ore reaching 0 4 , i.e 4 particles nearing 
the end of their ranges, were photographed. A lead 
block A, li cms. in height, wap interposed between 
C 2 and C 3 , in order to filter out the particles of the 
soft component and allow only the penetrating 
particles to pass vertically through the chamber. 

The expansion of the chamber was further auto¬ 
matically delayed about one second after the 
passage of/ the particle, so that the ions formed 
could diffuse sufficiently and in consequence the 
droplets condensed on them could be sufficiently 
separated along the resulting broad track. This 
permitted with the use of a microscope an easy and 
fairly correct counting o 1 the number of ions 
formed per unit length of path, frdm which a decent 
estimate of the specific ionisation of the particle 
could be-made. 

Street and Stevenson were ab e to obtain 
photographs of the broad tracks*of the penetrating 
particles almost at the end of their ranges, 1 which 
were like those shown in the picture (a) on 
page 1081. Analysis of one o: them has been 
ma le as follows : The curvature of the track gives 
a value of Hp = 9 6 x 10* gauss-cm., while its 
length a range for the particle about 7 cms. 

The specific ionisation of the particle n approxi¬ 
mately six times that of a normal election. If 
the particle has entered the chamber from above, as seemed likely, 
the sign of its charge is negative. The high value of the amount of 
ionisation produced by the particle as compared with that of the 
electron shoVs that the particle is much heavier than an electron. On 
the other 7 hand, the track could not have been made by a proton, 
since a proton of the observed value of Hp would have an energy of 
nly 0*45 MeV and hence a range of only 1 cm., t.e., at least 7 times 
less than the observed value. The inevitable conclusion is that the 
particle responsible for the track is neither an electron nor a proton 
but a new one, of intermediate mass. Furthermore, the heavy ionisa¬ 
tion can be adequately explained, if the particle has a mass 130 ± 30 
times the electronic mass, 

Anderson and Nedderme^er, in 1938, using a counter-control¬ 
led cloud chamber, whore one of the two “triggering* 1 counters was 
placed in the middle of the chamber instead of its usual place below 
the chamber, in order to increase the probability of observing par¬ 
ticles nearing the end of their ranges, obtained a remarkable photo- 

is reproduced on p. 1080, It gives probably the most 
direct and the most convincing evidence for the existence of ' the new 
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Fig. 321. 
Apparatus of 
Street and 
Stevenson. 
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particle. The registered track shows that a particle of 10 MeV enersv 
arriving at the counter placed in the chamber passes through it and 



Photo of a meson at the end of its 
range (Anderson & Neddermeyer) 


emerges from it with a 
much reduced energ} r of 
only 0 21 MeV. The resi¬ 
dual range of the par- 
tide after it comes out 
of the counter is 1-5 
cms. in standard air. 
This particle which is 
positively charged cannot 
have the mass either of 
an electron or a proton 
for the following reasons : 
The specific ionisation of 
the particle above the 
counter is too great to 
ascribe it to an electron 
of the observed curva- 


. , ture. Likewise the speci- 

nc ionisation below the counter is definitely greater than that of an 

electron having the curvature shown, since the radius of curvature, 
which is about 3 cms., would correspond to an energy of 7 MeV if ajr 
electron were involved and such an electron would produce a much 
thinner track and further would have a range of at least 30 metres 
instead of the actually observed 1*5 cms. Moreover, if the particle 
had electronic mass and emerged from the counter with a velocity 
suoh that its specific ionisation could correspond to that seen in the 
photo, its residual range would be only 0 05 cm. instead of the 
observed 1*5 cms. Hence, to have the observed range with the 
observed curvature, the particle should be considerably more massive 
than an electron. The particle cannot be a proton, either. For the 
curvature of the track above the counter would correspond to that of 
a proton of 1*4 MeV, capable of producing a specific ionisation of 
7,000 ion pairs/cm., that is at least 30 times greater than what is 
actually obtained. Similarly, below the counter, the curvature would 
correspond to that of a proton of only 25,000 eV, equivalent to a 
range of only 0*02 <yn. The conclusion which is thus unavoidably 
lorced upon us is that the track under study is due to a new particle 
of mass intermediate between the proton and electron masses. 

Other workers such as Nishina, Takeuchi and Ichimiya, Corson 
and Brode, Ruhlig and Crane and Ebrenfest have obtained similar 
proofs for the existence of this new particle. Corson and Brode, in 
1938, using the ‘'delayed expansion technique” were able to study 
the relative ionisations produced under identical conditions by nor¬ 
mal cosmic ray electrons and penetrating cosmic ray particles, as 
illustrated in the photo on the next page, and confirm the evidence 
for the actual existence of the new particle which according to their 
estimate must weigh at least 185 times as much as a normal electron. 

It may therefore be said that a new particle either positively 
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or negatively charged with a mass intermediate between those of the 
electron and of the proton has beefl definitely discovered. Of the 
several names that have been successively 
proposed to designate this particle, such 
as yukoriy heavy electron , baryton , mesotron , 
etc., the last-mentioned is now generally 

accepted, with a frequent shortening into 
meson. 

Researches on the meson. The 

udy of the meson is of the greatest interest 

* as an experimentally observed particle 
and as a possible realisation of Yukawa’s 
theoretical prediction. Since ita ; discovery, 
intense researches have been and are still 
being made to study its nature and proper¬ 
ties and quite a good amount of data have 
already been gathered. These findings, 
however, dofy easy co-ordination and some¬ 
times are even in apparent conflict. Chiefly, 
with the recent discovery of mesons of 
different masses, current ideas on the subject 
are in a very rapid state of flux, with a 
consequent indecision about not only the 
identity of the cosmic ray mesons with 
Yukawa’s theoretical particles but also the 
validity of the proposed theory of nuclear 

forces. This state of affairs need not surprise one, since the meson 
lorms the still unconquered frontier field of nuclear research. We 
shall now briefly describe the main features of the investigations so 
lar. made and the results obtained. 

Mass of the meson. The discovery of the meson, as a new 
particle, cannot be considered as fully established, unless its actual 
mass is also measured. Hence it is that most of the workers who 
k&ve studied the evidence for the existence of the meson have at¬ 
tempted to determine its mass as well. In the initial stages of re¬ 
search it was not possible to measure the mass of the, meson by a 
ftrect method, like the one used in the case of electrons* and protons 

rtwTi! reasons » (*) no convenient localised source of" mesons 

h* , k® had and (it) the available cosmic ray mesons move at so 

^ that they could hardly be affected by even the strongest 

®pp electric and magnetic fields. Hence indirect methods which 
spend on the cloud chamber photographs of meson tracks have 
een used. The curvature and of these tracks, the specific ioni- 

* .on and rate of change along the path of the particle can be 
irectly measured. Since these quantities are connected to the 

i mass and velooity of the particle by simple and well- 

meson ^eiation8, the y pra™** means of evaluating the mass of the 


Tracks of (a) a meson 
(6) an electron under 
identical conditions, 
(Corson & Brode) 
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Experimental determination of the mass of the meson. 

In practice the following methods have been used :_ 

(а) Mome'ntum-ionisation method. The momentum is determin¬ 
ed from the curvature of the track ; the specific ionisation is measur- 
ed by counting the droplets along the path of the particle. Although 
t e specific ionisation in a given medium for a particle of fixed charge 

heavy compared with the electron is independent of the mass of 
the particle, it depends on its velocity. On the other hand, since 
momentum is a function of mass and velocity, a relation between 
momentum and specific ionisation can be readily established from 
which the mass of the particle can be deduced. The method is sub¬ 
ject to an inherent difficulty, in so far as a precise determination of 
momentum requires sharp tracks, while an accurate measurement of 
specific ionisation demands diffuse tracks. 

(б) Momentum-range method . The momentum and range of the 
meson are readily determined from the measured curvature and 
length respectively of the track in the cloud chamber. Since the 
range is a function of velocity, it can be connected to the momentum 
by a simple formula from which the mass of the meson can bo evalu¬ 
ated. The chief drawback of this method is that particles slow 
enough to stop in the chamber are subject to large scattering effects 

with the result that the momentum cannot be determined with much 
precision. 

(c) Momentum loss method . Using tracks that have traversed 
a metal plate across the cloud chamber, the momentum of the parti¬ 
cle before and after passing through the plate can be measured from 
the curvature of the track above and below the absorber and the 
loss of momentum (p 1 — p 2 ) can be calculated. The difference in 
range (R^ — R 2 ), readily obtained from the thickness, density and 
nature of the absorber used, is equated to (p\ — p 2 ) and the equation 
solved for the mass of the particle. 

(d) Elastic collision method , based on the ejection of a ‘‘knock- 
on” electron due ,to a close collision of a meson with an electron, is 
capable of leading to an accurate measurement of* the meson mass 
by a straightforward application of the simple laws - of conservation 
of momentum and of energy. With a cloud chamber photograph of 
the type given on page 1073, the initial momentum of the meson is 
known from the curvature of its track ; the amount of energy trans¬ 
ferred to the secondary electron can be estimated from the radius of 
curvature of the electron track and the intensity of the applied 
magnetic field ; the angle between the initial trajectories of the 
meson and the * 'knock-on” electron can be measured directly from 
the photo. With these quantities, the mass of the meson can be 
deduced using the formula appropriate to the impact phenomenon 
involved. The great advantage of this method is that it enables the 
mass to be determined over wide ranges of meson velocities, even 
wher high, while the previous methods are limited to low speed me¬ 
sons corresponding to the heavily ionising region . 
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Results. Using these methods, several investigators have 
estimated the mass of -he meson. Corson and Brode Have employed 
the first two methods, Wheeler and Landenberg the third and 
Leprince Ringuet and his associates the fourth. The mass of the 
meson is usually expressed in terms of the electronic mass (m e ). 
Widely divergent values ranging from 30 m e to 1,000 m e have been 
obtained ; the value close to 200 m e , having been cross-checked by 
the different methods, was first generally considered as representing 
fairly well the meson mass. 

But in the course of the researches on the meson* mass, it has 
<ten been remarked that the values obtained by individual experi¬ 
menters departed from the most probable value (200 w e ) by far more 
than the ex rjerimental errors permitted. As a result, authors have 
been suggesting that the meson may not have one single characteris¬ 
tic mass, but may take on, with an ^equivalent energy change, any 
mass oyer a ra :her wide range. Bethe, on the other hand, in 1946, 
has tried to explain away the discrepancies in the experimental 
values on the basis of the spurious curvature introduced by multiple 
scattering of the mesons in the gas of the cloud chamber. But, more 

r ®p e ^Hy» fresh proofs have been gathered for the existence of mesons 
' ' different masses. 

In May 1947, Powell, Occhialini and Lattes at Bristol Univer¬ 
sity, England, studying the tracks obtained in photographic emul* 



Decay of a Tt-meaon into a **-meeon observed in a photographic emulsion 


* t 

S10ns e fposed to cosmic rays at high altitudes, found that some 
meson-like particles decayed with the formation of a second meson 
rather less massive than the first. One such record, a mosaic of a 
large number of micro-photographs, is reproduced here. They were 
able to estimate that the first meson had a mass of about 320 m € and 
the second one, a product of decay, was almost certainly the first 
discovered meson of mass about 190 m e , while simultaneously a neu¬ 
tral meson of mass about 130 m e was formed. The first and heaviest 
is now known as the 7c -meson, while the second and lighter one, the 
P-me8on. Both types are found to be either positively or negatively 
charged and appear singly in pairs and in showers. 

Confirmation of the Bristol. discovery has been obtained by 
o er workers. Thus, in October 1947, Anderson, studying cosmic 
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M 1116 hG,p ° f a ,&rge aircratt > bas reported a photograph in 

found to bfS'" 1 ”", ° f d “^ »>“*»» <£>■» - 1»0 „ Ti i“ 
of decav invol - C r6n r ° m , wbat be expected in the normal mode 

preted y a. nrih n > S i & , neutnn ?- This unusual feature has been inter- 
son, already found by the Bristol workers. * 

great advan^TrTf corrobo 1 ration - wb *ch at the same time marks a 
duction of i fundamental Particles physics, is the artificial pro - 

Gardiner and TL4° nS K W ^ laboratory. At the beginning of 1948, 

bervlBum conn^ ’ bombardln e different targets, such as carbon, 

thelSotR P f, and u f mum > witb 380 MeV alpha particles from 

the disruntod 1 | 6 . e y„ c y c otron > w © re able to produce mesons from 
ed tv +i, P nuc ei of the targets. The ejected mesons were deflect- 

oiotLT , magnetl ? field of cyclotron and received on a stack of 
nnQAfl^fo^i IC < r mui31 ° n ® placed across the expected path. The ex¬ 
tracts A*in V ien developed, exhibited hundreds of meson 

inn A 30 SeCS * bombar <iment with the 184-inch cyclotron gave 

^• meS a i S Inan 7 mesons as those obtained in nearly 2 months of 
_ 3 ic ray o servations. These artificially produced mesons were 
na ura y not so energetic as those produced by cosmic rays ; they 
were about 4 MeV. But under the controlled conditions of their 
pro uc ion, it was possible to determine their masses quite exactly 
irom e measurements of range and Hp, the latter being given by 
e geometry of the apparatus and the orientation of tracks in the 
p a e. ^.Practically all the mesons knocked out of the targets had a 
mass of about 313 agreeing well with the heavy 7 r-mesons of 320 m € 
ipeovered m the cosmic ray photographs. This successfully car- 
ried out experiment has initiated a new era in the study of mesons by 
the lxjgh intensity of mesons it has made available (about 10 6 times 
that of the cosmic ray meson intensity at sea level) and also by the 
opportunity it offers for the determination of the sign of the particle 
.rom the sense of curvature in the magnetic field and of the momen¬ 
tum fron* the amount of curvature. Further researches in neutron- 
proton interaction using high energy particles from the more power¬ 
ful proton synchrotrons established (») the mass of the charged 
77-mesons as 273 m e and (ii) the existence of a neutral Tr-meson of mass 
264 m e and (Hi) the mass of the charged /u-mesons as 207 m e » 


There exists also sure experimental evidence for mesons still 
heavier than the n-mesons, having a mass of about 1000 m e . As early 
as 1944, Leprince Ringuet, studying the elastic collisions between 
slo^v meson-like particles and stationary electrons in the cloud cham¬ 
ber, obtained a single record of a particle about 1,000 times heavier 
than an electron. In the summer of 1947, Rochester and Butler of 
Manchester University, while studying the “penetrating cosmic ray 
showers* J , were able to obtain cloud chamber photographs with fork¬ 
ed tracks, which could only be explained by the decay of a particle 
about 1,000 m e , which was christened the “T-meson**. Since then, 
several other particles whose masses are more or less the same as 
that of the t- meson have been discovered and called K-mesons* 
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Rochester and Butler discoveimi m 1948 also another particle 
with mass greater than that of the proton (2,190 m g ) which decays 
into a proton and a negative 7t-meson, with an energy release t of 
about 37 MeV. It was called V x ° particle. 

From work with photographic emulsions, still other types of 
very heavy particles, of mass about 2,500 m gt which decay into a 
neutral particle (neutron) a nd a 7r-meson, with an energy release 
Q ~ 130 MeV have been bund recently and called J+ - particles 

These two last categories seem to be very much more closely 
related to nucleons than to mesons — some sort of excited nucleons . 
They are now called hypersms or Y-particles. 

Some authors, like J.G. Wilson, have tried to account for the 
occurrence of distinct and different sorts of mesons on the basis that 
the meson field may demand various alternative types of waves, 
such as transverse, longitudinal, heat conduction, etc., unlike the 
electromagnetic field restricted to the transverse type alone. 


Mean life of the meson. The question of a mean life-time 
for the meson, which implies that the particle is unstable and decays 
first arose in an attempt to identify the cosmic ray mesons with the 
particles predicted theoretically by Yukawa. The Yukawa particle 
was supposed to be unstable : after a very short life, estimated at 1/2 
•microsecond, it disintegrated spontaneously in accordance with the 
laws of radioactivity into an electron and a neutrino. Hence it was 
highly interesting as a test case to see whether the mesons decayed 
hi the manner predicted by theory. J 

During recent years, ample experimental evidence have been 

Will- ^ ® how tl ? at the meson8 are definitely radioactive. 
Williams, Roberts and Evans-—- 

(1940) and Shutt, De Benedetti 
• ^ Johnson (1942 have been 
able to obtain a few cloud cham¬ 
ber photographs which give direct 
and spectacular evidence for the 
disintegration of the meson. The 
photp obtained by the last-named 
workers with a high pressure 
(70 atmospheres) cloud chamber 
is reproduced here. I t is seen 
that a meson enters the chamber 
from top, gradually slows down 
f 8 indicated by the increase in 
ionisation and scattering and 
finally stops at a point, from 
which a lightly ionising particle 
Of high energy, presumably an 
electron, flies off to the right at 

ener^ Ie «f+k 5 j With . t,he direction . of the meson-track. The final kinetic 

gy ot the decaying meson estimated from the density of ionisa- 

* 



Trucks of a decaying meson and 
of the electron emitted by it- 








108C 


PHYSICS OF the ATOM 


tion is less than 1 MeV, while the energy of the emitted electron 

appears to be greater than 30 MeV. The simultaneous emission of 

a neutrino would also be involved to satisfy the laws of conservation 

of energy and momentum. wuswvauon 

mM nn XP ri! m r , n al det ?f minati ° n of the mean life of the' 

the mean lifelf ?he Zn meth ° da have been used to Measure 


nlr Method of smsoiwlekcinge of cosmic ray intensity. It has 

with tL « 6en Sai<J j that the , sl, g ht variation in cosmic ray intensity 

form tb season 18 due tr > th « spontaneous decay of the mesons 
formed m the upper atmosphere (c/. p. 1044). A rise of tempera- 

ture means that the airlayers in which mesons are formed move 

pwards away from the earth, so that the mesons, which are the 

. ^ carriers of cosmic ray effects downward, have a greater distance 

f .[‘ We a f d ,noiu of them perish on the way. Blackett, the author 
of this explanation, was able, from a study of this effect, to estimate 
the mean life of a meson, when at rest, as 3-4 x 10 -6 sec. 


(6) Absorpliomnethod. It has been known for several years 
that the penetrating components of cosmic rays in traversing the 
atmosp iere are absorbed more rapidly than can be accounted for 

+vT- , mass °* a * r they pass through. The most logical explanation of 
this tact is that some of the mesons constituting the hard component 
disappear by disintegration during the time required to pass through 
the atmosphere. Hence the absorption of these particles depends 
not only upon the * quantity of matter they traverse , but also upon the 
distance they travel in passing through that matter . From this it follows 
that the absorption of mesons in the atmosphere should be much 
greater than that in an equivalent layer of more condensed material, 
such as .metal plates, since the distance to be travelled in the latter 
is quite negligible (a layer of lead/ for example, is about 1/10,000 of 
the thickness of the equivalent air layer) and consequently there 
will be no comparable loss of mesons by decay* Measurements made 
upon the relative absorption of the mesons in the atmosphere and in 
equivalent metal absorbers should, therefore, decide whether mesons 
really decay, and even permit the estimation of the mean life-time. 


Several workers, such as Rossi, Hilberry and Hoag (1939), 
Neher and Stever (1940) and Rossi and Hall (1941) have utilised the 
above-mentioned facts in n^easuring the mean life of the meson. Us¬ 
ing a vertical counter telescope with 12*7 cms. of lead between the 
counters, in order to filter out the soft component, Rossi, Hilberry 
and Hoag measured the absorption of mesons in air by making ob¬ 
servations of the intensity at different, altitudes. The absorption in 
carbon was also measured at each altitude by placing graphite layers 
of different thickness above the counters. It was found that the 
mass absorption in air w&s greater than that in carbon. For ins¬ 
tance, an air layer of 82 gins./cm. 2 reduced the meson intensity more 
than twice as much as did a carbon layer of 84 gins./cm. 8 . The 
greater apparent absorption in air is presumably due to the decay* of 
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the mesons in the greater distance and hence the longer time they 
take in traversing the air than the solid absorber. From the experi¬ 
mental lata the mean life-time could be deduced and it was found to 
be about 2 x 10 -6 sec. with some indication that this quantity 
migh not be constant but depended upon the energy of the particle. 

(c) Disintegration electron method , based on the detection of the 
electrons given out'by the decaying mesons, has been successfully 
employed by Rasetti (1941) and by Nereson and Rossi (1943) for 
measuring the mean life of the meson. 


The principle of the method is as follows : When mesons pass 
through heavy solid absorbing material, losing energy by ionisation, 
they soon reach the end 
of their path, come to 
rest and then decay. 

Hence if the time in¬ 
terval between the in¬ 
stant at which the 
meson comes to rest in 
the absorber and that 
at which the electron is 
emitted can be measur¬ 
ed in a sufficiently great 
number of cases, tho 
mean life can be esti¬ 
mated, assuming an ex¬ 
ponential decay. This 
method appears to be 
the best, since the .pro¬ 
per time of decay is 
directly measured. 

The experimental 
arrangement used by 
Nereson and Rossi is 
d^grammatically shown 
in Fig. 322. . A beam 
of mesons selected by 
a four-fold counter 
system represented by 
1» 2, 3 and 4 with inter¬ 
posed lead blocks is 
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Fig. 322. Apparatus for the study of 

meson decay. 


allowed to pass through a brass block absorber B where the mesons 
ecay and electrons are emitted. The selector circuit S works with the 
counter sets 1, 2, 3 in coincidence and 4 in anti-coincidence, t.e., it 
responds only when all the first three act while the fourth does not. 

e ^J^ter of set 3 surrounding the brass block serve also the pur¬ 
lin 6 °* detecting the decay electrons. With this device, the selector 

winA 6 ** 6I ^r i. react on ^ w ^ en a meson has stopped in B, since other- 
, t.e., if the meson has passed through 4 also, S will not respond. 
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This meson which has come to rest decays with the emission of an 
eJectron that activates one of the counters in set 3. 


, . . T measure the mean life, counter sets 2 and 3 are also connec- 
ted to a time circuit T in such a way. that, when a coincidence in set 
2 is followed after a certain interval of time t 0 by a pulse from set 3. 
T gives rise to a corresponding pulse whose magnitude is propor¬ 
tional to t 0 The recorder R in the final stage mechanically marks 
the magnitude of the pulse received from T, whenever a pulse is 
simultaneously received from S, indicating thereby that the event 
looked for has really taken place. From the experimental data, it is 
possible to obtain the decay curve of mesons by plotting the number 
of mesons decaying after the lapse of a certain time t 0 against t B . It 
is iound to^be exponential in form, aa in radioactive decay. The 
mean life deduced from the decay curve is (2-& ± 0'G7) x 10" 6 sec. 


Recently, ^e liquid scintillation counter technique has been em¬ 
ployed to measure the mean life of mesons artificially produced with 
the very high energy accelerators. In one form of apparatus an alu- 
miniun\ absorber is used, placed between two scintillation counters 
in coincidence. A third scintillation counter placed below the first 
two and connected in ‘anti-coincidence* with them ensures that the 
events to be recorded take place where they are detectable, since 
mesons which pass through all the - three counters will not be re¬ 
corded. The entry of the 7c-meson into the first counter causes a 
pulse to be recorded, the emission of a p-meson gives rise to a third 
pulse. These pulses are timed electronically and hence the process 
of meson decay can be studied. From the experimental data, it is 
found that a tt- meson decays into a meson in about 2 x 10~ 8 sec. 

and the /*-meson in turn decays into an electron in about 2 x 10'® 
sec. 


Comparison with theory. These experiments leave no doubt 
that the meson is radioactive as predicted by theory. The mean life of 
the /x-meson is 2 microseconds, which, though of the order given by 
theory, is found to be four times greater. Yukawa, attempting to 
overhaul the theory in view of this experimental finding, was led to a 
still more curious result, viz.^ the correct theoretical decay time of the 
Yukawa particle is not 1 / 2 microsecond but only 1/100 microsecond. 
.Hence the./i-meson may not after all be the Yukawa meson as was 
originally supposed. The recent discovery of different kinds of 
mesons with their roughly estimated mean lives, as 10 " 10 sec. for 
2,190 m g meson, 10“ 9 sec. for 1,000 m e meson and 10" 8 sec. for 300 m e 
meson, seems to confirm this conclusion. 

Note : Classification of the fundamental particles. With 
the discovery of so many different kinds of mesons, a certain amount 
of confusion has been inevitable. Various authors have called the 
same particle by different names or have attached different meanings 
to the same symbol. Sometimes the meaning of a symbol has 
changed in course of time. It has therefore been found necessary 
to agree upon some classification of the fundamental particles and 
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the Univerai>v al fT Sm i 1C Ra yjp on & ress held under the auspices of 

nce> in ju,y i953 ’ has p r °p° sed 

ina thill 2 funda ™ ental Petiole* are to be subdivided into the follow¬ 
ing three mam groups according to their mass 

and anxr Light mesons which include 7r-mesons, p-mesons 

and any other l.ght mesons which may be discovered. The masses 

*• - me7on '' ~£~ “f 0r } _ 201 m ‘’ 71 ± ' meson ~ 273m e , 

- 10-» s^'eaptcuVelJ ^ 2 ' 2 * ^ 25 X 10 ’ 8 a " d 

w-mesinsfnTrT' me80ns “ ali P articles heavier than 

&nd lighter than protons. These comprise of:_ 

= 12x7^ sec (c0nsidered certain ) ; “ass = 966 m„ life-time 

nature nf ♦ *” ? neu . tl ' a * particles (considered very probable ; 
= 12 xJo-" e e C P 68 Unkn ° Wn) •> “ass = 963 life-time 

- ?/ + * neutral particle (considered as probable, mass 

- m t , life-time = 1-2 x 10-<* sec. 

# 

, 0 ® (neutral heavy meson) previously known as v° V.° V-° 

If^ t ^ ie decay scheme 8° -► 7 r t + ( or u- )[ 

with ® u ^ e8te< ^ ^ some results) that there are particles 

ed J l SCl t em ^ and S6Veral Q“ values > they could be designat 
ed by different subscripts; mass = 965 life-time =13 x l“?o 

that of the^ Hyperons — all particles with mass heavier than 

mao oi me proton. They comprise of : — 

hvnprn^\ * P [ eVi ° U8ly ^ nown as Vi a nd (now known as neutral 
tEZ y 18 c ^ arac terised by the decay scheme A ° —► p 4- ir' If 

life-time = 2-8 ^iT-^se^ different eubscn Pls ; mass = 2,i82 m t . 

^ with the possible decay scheme : £- 
7T , mass == 2^27 m e , life-time 10" JO sec, 

vhtnom}^ <L8ed 1 °”. the * m P irical features of the decay process, a further 
pnenomenologtcal classification is made as; J 

of K ™^Jl~ eVent 77 P rev “U3ly known as V-particles : decay in flight 
-meson or Y-particle ; subdivided into V°-evcnt (decay of a 

tral particle) and V - event (decay of a charged particle) 

“ s*" 11 *" 1 d *»y " »f * 

with mtsons. The fact that mesons spontaneously decav 

with a very short mean life clearly indicates that they c anZt hale 

oil 
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COW16 from far away arid hence cannot themselves he the primary 
cosmic rays which certainly originate very far away from the 
earth as established by the geomagnetic effects. The mesons must, 
therefore, be of secondary origin , formed close to the earth. More¬ 
over, since there is experimental evidence that*the mesons are not 
produced at sea level, they must be formed in the upper atmosphere. 
Study of the distribution of mesons in altitude not only confirms the 
aboVe conclusion, but also suggests that the process of meson creation 
is almost completed in the top one-tenth of the atmosphere (in weight). 

The most interesting and important problem concerning the 
origin of mesons is the mechanism of meson formation which is bound 
to throw light on the nature of the primary cosmic *rays. It has 
been tackled both from the experimental and theoretical standpoints, 
which strongly tend to the conclusion that the primary radiation 
responsible for the 'penetrating component observed at the surface of the 
earth consists largely of protons. 

Experimental study. Meson production by non-ionising radia¬ 
tion in cosmic rays , Many workers hkve obtained evidence that at 
high altitudes mesons are generated to a small extent in solid absorbers 
by non-ionising radiation . Thus, for instance, Schein and V. C. Wilson 
(1939), employing an arrangement of counters in coincidence capable 
of detecting mesons.and an interposed thin lead block in which the 
mesons were generated and which could be disposed in two different 
positions in order to obtain the amount of mesons produced by non¬ 
ionising radiation alone, made observations in airplane flights and 
showed that mesons were produced by* non-ionising radiation at high 
altitudes. The generating agent might however be either photons or 
neutrons. To decide this point, Schein, Jesse and Wollan, in 1940, 
conducted a series of experiments with a new arrangement of coin¬ 
cidence counters with interposed lead blocks and showed that the 
production of mesons increased in proportion to the intensity of the 
soft component of the cosmic rays, which was known to contain an 
appreciable number of photons of high energy. They therefore con¬ 
cluded that the generating radiation was presumably photonic in nature. 
They also found that (t) the meson-production was negligible up to 
an altitude of 40 cms. Hg beyond which it increased rapidly, (ii) the 
mesons were produced either singly or in narrow pairs to a small 
extent, (Hi) the energy of photons must be greater than 200 MeV 
for meson production and (iv) the mesons produced were of low 
energy. 

To obtain confirmatory evidence about the photonic nature of 
generating radiation, Tabin, in 1944 carried out an experiment m 
which the absorption of the generator of mesons in different sub¬ 
stances was studied, in order to see whether the absorption laws for 
photons were obeyed. A four-stage coincidence counter set, known 
as the master-coincidence, was employed to select cases in which only 
mesons were present, natural or generated. A large cap of closeJy 
shaped counters protected the generator which was a block o 
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paraffin, iron or lead, from the un( !esirab e action o*i ionising radiation. 
The thickness of these blocks could be varied* Observations were 

made at high altitude mountain stations (10,000 to 14,000 ft It 

was found that saturation for meson production in lead occurred for 
a thickness equal to 2 to 3 cms., beyond which the number of mesons 
decreased, while with paraffin, no saturation in the production of 
mesons could be reached even at a thickness of 57*2 cms. This 
result indicated that the generating agent was really photon, since it 
should take about a metre of paraffin to absorb the photons, where¬ 
as all photons could be absorbed in a few cms. of lead, any additional 
thickness merely acting as a filter of the already generated mesons. 

In this connection, it may be noted that evidence for the pro- 


a synchro- 


ntjO H M of neutral 7r-mesons by high energy X-rays fro*« „ UJMVUXW . 
eycjotron was first obtained by the use of a scintillation counter 
technique. These neutral mesons decay into two quanta of energy 

MeV and, although the primary particles cannot be detect¬ 
ed, the two y-ray quanto* produce scintillations by which their 
presence can be recorded. By a suitable arrangement of the scintil¬ 
lation counters it has been shoavn that these quanta are emitted in 
pairs and that no other ionising particles are simultaneously emitted. 
Measurements of the angular distribution provide data from which 
die approximate mass of the initial particle can be deduced. This 
as been shown to be about the same as the mass of the 7 r-meson. 


Meson production by ionising radiation in cosmic rays . All the 

njosans present in cosmic rays cannot be explained as produced by 

photons in the soft component for the following reasons : (1) Above 

an altitude corresponding to 8 cms. of Hg the soft component falls 

on rapidly, while the hard component increases up to the highest alti- 

udes reached, about 2 cms. of Hg. (2) A great number of mesons has 

a much greater energy than those generated by photons. These facts 

suggest th e formation of mesons by ionising particles chiefly. Further- 

more in view of the steep rise of meson intensity from zero at the 

top of the atmosphere to a maximum value at about 2 cms. of Hg 

evel, a new mechanism by which several mesons are generated at a time 
might be expected. 


To verify these indications, experiments were conducted by 
anossy aqd Rochester of Manchester University at sea level fl942) 

and by Schein, Iona and Tabin in America (1943) a* high altitudes . 

he basic principle involved in these researches is to produce mesons 
in a material of low atomic number such as paraffin, where the un¬ 
desirable electronic showers are not likely to be produced, and to 
etect them under large thickness of heavy metal, such ’as lead, 
which will absorb any electrons that may still linger about, chiefly of 
e “knock-on” type. Elaborate coincidence counter arrangements 
are used for the detection of mesons. The great amount of lead to 
e used is an obstacle against reaching the highest altitudes of maxi¬ 
mum meson formation, while the sea level observations labour under 
the paucity of the generating particles. 
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The results obtained by these experiments may be summarised 
as follows : (t) At sea level penetrating showers are very rare, but at 
high altitudes half of the penetrating particles are accompanied by 
mesons showers, (u) Practically all the meson showers are found to 
be excited by ionising particles. A transition curve for these 
showers clearly indicates that the mechanism involved is quite 
different from the Z 2 process of the electron showers. (Hi) At sea 
level, 30 per cent of penetrating showers are excited by non-ionising 
agency, which shows that neutrons are not ruled out as generating 
agency. Assuming that what reaches the earth from outside is en 
tirely a proton stream, it is still conceivable that, after some protons 
have made meson-forming collisions, there will also be neutrons 
present and that at sea level the two agents, protons and neutrons, 

m ill probably be available in comparable numbers, but most of 
them will be secondaries. 

Theoretical! study. Yukawa's theory . Yukawa, in 1935, in 
order to explain adequately the ‘short range attractive force’ between 
nuclear particles (protons and neutrons), suggested the existence of 
‘heavy quanta , in analogy with the photons that appear in the 
electromagnetic field associated with the ‘long range Coulombian in¬ 
verse square force* between charged particles. Just as charged parti¬ 
cles interact electromagnetically through the agency of ejected and 
absorbed photons, so may the nuclear particles interact through 
ejected and absorbed “quanta” of some sort. Following up this 
analogy and speculating on the correct mathematical equations that 
would represent the specifically nuclear force, he was led to conclude 
that the quanta involved were not photon-like particles which have 
no mass, but were rather particles which had a definite rest-mass 
about 200 times that of the electron, and carried a single elementary 
charge, positive or negative. These particles were called ‘ mesons' 
and the field of force ‘ meson field \ about which we shall deal more in 
detail later. For the present, we are interested in the fact that 
according to Yukawa’s theory, mesons are generated in close collisions 
between the nuclear particles , analogous to the formation of photons. 

Hamilton-Heitler-Peng theory qf meson formation in cosmic rays. 

On the basis of Yukawa’s meson theory, Hamilton, Heitler and 
Peng, in 1943, proposed the hypothesis that the primary cosmic ray 
particles are protons which interact with the atoms of air in the upper¬ 
most part of the atmosphere to form penetrating mesons with a consider¬ 
able multiplicity. 

Considering the two types of action characterising the meson 
field, i>iz. f 

(i) interaction of electromagnetic field of moving particles with 
meson field of stationary particles, represented by 

hv + proton - > neutron + meson ( + ) 

or hv + neutron - ► proton + meson ( — ) 

and (u) interaction of meson field of moving particles with meson 
field of stationary particles, represented by 
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proton + proton 
or neutron + neutron 


■* proton + neutron meson ( -f- } 
* neutron + proton + meson ( — ) 


they calculated the respective cross-sections for meson production in 
the two cases and showed that fa) for energies met with in cosmic 
rays tl e second process has a much larger cross-section than the first, 
(&) one single proton entering the earth’s atmosphere will lead in the 
end to several mesons in the first effective collision of this proton 
' th a nuclear particle, the proton will change into a neutron with 
the emission of a positive meson ; the ■ neutron, in turn, makes a 
similar collision and changes into a proton with the emission of a 
negative meson ; the process is repeated until several mesons are 
formed with the dissipation of the energy of the primary particle) 
and (c) or incident protons of energy greater than 3 x 10 9 eV. the 
probability of the process is so high that practically all the meson 
production takes place within about 2 cms. of Ig of the top of the 
atmosphere. Thus protons constitute the primary cosmic radiation, 
which produces the mesons, forming the hard component, within a 
very small region at the top of tty© atmosphere. The mesons are then 
supposed to be the source of the soft component, by knock-on or decay 
process. The formation of iflesons by protons may be considered to 
be similar to the production of ‘bremsstrahlung’, in which mesons are 
scattered from the meson field.' 

An interesting feature of the meson-forming collision, first 
pointed out by Janossy, is that in close collisions a single primary 
particle can produce several mesons from a single complex nucleus , 
since the first particle passing through the nucleus is likely to have 
several meson-producing collisions with more than one of the nuclear 
particles. This also might explain the rapid formation of practically 
ftll the mesons in the very top of the atmosphere. 

Experimental tests so far made touch only the broadest out¬ 
lines of the theory. The production of several penetrating particles 
by one primary particle has been demonstrated not only by such in¬ 
vestigations on multiple meson production as those of Schein and 
collaborators, but also by cloud chamber pictures of «penetrating 

obtained by Powell (1941), Haven (1944) and Fretter (1947), 
ox which we shall speak in the section on cosmic ray showers. Since 
according to theory, a good number of fast protons should be ex- 

° Se to the to ? the experiments with cloud 

cnambers to determine the number of high energy protons at great 
altitudes are very desirable. Likewise, one should expect to find 

*§ energy neutrons at those altitudes, which however, cannot be 
observed until they are slowed down by some means. 

Decay ®f mesons. .We have above treated the problem of 
ean Ule as though both positive and negative mesons always be- 
m exact ly l>hesame way. This is not quite true. For, experi- 
f v 3 inducted on the decay electrons show that the number of 
at . ® el ?? tro f 13 J? not quite as great as would be expected. Fofcvin- 
noe, Kasetti found that the number of disintegration electrons was 









V V • * • numoer oi mesons that disappeared in the 

absorber, which indicated that about one decay electron was produced 

for every two mesons absorbed . Cloud chamber photographs of decay- 
ing mesons, in their turn, prove that decay electrons are produced 
on y in th© case of positive mesons, but not with negative mesons. 
So far, no photograph has been obtained, which contains the track 
of a decaying negative meson producing an electron. 

A very probable explanation of this difference of behaviour of 
mesons according to the sign of their charge is as follows ; When a 

■ negative meson has come almost 

attraction between it and atomic 

the negative meson will have 
been attracted to and captured 

disintegrations by slow meson 
capture have ^ been observed,^ in 


Disintegration produced by a 
meson. (Powell) 
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neutrino , regardless of the atomic number of the absorber, in whicn 
it is stopped. 

e) The negative p-meson may undergo either spontaneous decay 
of mean life 2 x 10~ 6 sec. into an electron and probably a neutral 
meson and a neutrino , or be captured by a nucleus , followed by a pro¬ 
cess as yet undetermined, but apparently not a l *star ” effect. Decay 
is less likely and capture more likely to occur with increase in the 
atomic number of absorbers. 

(/) The nuclear interaction of p-meson being, however, smaller 
than that of the 7 r-meson, in light absorbers most ft-mesons will de¬ 
cay, while most Tc-mesons will be captured. 

It may to be noted that neutrino is required to reconcile the de¬ 
cay of 7r- and p-mesons with the conservation laws, as in the case of 
p-radioactivity. As an example, consider the decay of the /z-meson. 
The electron, which is the only visible product, can have an energy 
between zero and 55 MeV. This shows that there must be at least 
two other decay products, since if there were only one, the decay 
electron would always have the same energy. The maximum energy 
which the electron can take also shows that the combined mass of the 
neutral products is very small. The only known particle having these 
properties is the neutrino, and accordingly the decay scheme of the 

ft. meson is written as ft* —•— > e~ + v + v. It might be argued 
that an alternative to the neutrinos would have been two photons 
ft.e., y-rays). This possibility has been investigated experimentally 
by searching for electron pairs caused by the materialisation of t he 
Y-rays.. None, however, has been found. ^ 



spectrum of mesons. The energy spectrum of 
mesons has been studied by two methods chiefly, the counter-con¬ 
trolled cloud chamber and the coincidence counters. The former has 
been employed by Anderson and Neddermeyer (1934), Leprince 
Ringuet and Crussard (1937), Blackett and Brode (1937), Jones 
(1939), Huges (1940), and J.G. Wilson (1946). The latter method 
has been utilised by Rossi (1931) and by Benardini and collaborators 
(1945) with an auxiliary iron-core technique which separates particles 
of opposite signs. To extend the investigation of the spectrum to 
high values of energy, very thick absorbers such as deep lakes, mines 
etc., have been used by Clay (1937), Ehmert (1939} and others. Re¬ 
cently, the liquid scintillation counters have also been used in this 
type of research (Cf. p. 904). The energy spectrum has been ana¬ 
lysed both at sea level and at high mountain altitudes (15,000 ft.). 


The results obtained from these researches may be summarised 
as follows : At sea level the differential meson spectrum increases 
from zero intensity to a maximum at about 10 9 eV, falls off approxi¬ 
mately as the inverse square of energy between 2 to 3 x 10 9 eV and 
10*6 15 x 10 9 eV and roughly as the inverse cube from 15 x 10 9 eV 
to 60 x 10 9 eV. # This means that the mesons have energies ranging 
from 200 to 15,000 MeV, the majority of them having an energy in 
the whereabouts of 1,000 M#V (corresponding to the maximum in 


I 
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the energy spectrum curve). There is also a small number havinv 
energies up to 69 x 10 9 eV and more At n “ mD ®F “ av “g 

much larger number of low-energy mesons the Deal! We 8 ’ 18 & 

ring at about 100 to 200 MeV Th; 0 i! * intensity occur- 

subject to decay, at least half of them aiti™ r iZt\ M f whtck aTt 

Lombard™wiTHazen?itTs^eerTtha^th 56 ' jbta * De< ) for electron* by 

energies ranginir with electrons have much lower 

M«vf Dgmg Wlth decreas mg intensity from 10 MeV up to 500 

U * COSMIC RAY SHOWERS ♦ 

ohowera is tli© nftni 0 ffivftTi +n a tta WTT * * , 

phenomenon, in which the rays arrive in 8 c0s “ ,c , ray 

corning associated merely tJZjTdHS yZZX^hJlZ 

the occasional sudden bursts of ^ be6n n0tl . Ce< *- “ 

chambers at all altitudes. ^on m cosmic ray ionisation 

techniau^an^Blarkett a coincidence counter 

controlled doud chatbL 0ce ^ a Iini, in 1933, with their counter- 
control[lea cloud chamber, were the first to place in clear and direct 

evidence the phenomenon of cosmic ray showers. 

the simul^nnfT^ co / wc * den < : « counters. Rossi discovered 
the simultaneous emission of groups of particles from matter as 

secondary products of cosmic rays, using 
an arrangement of three coincidence 
counters in a triangular pattern with a 
lead plate above the counters, as shown 
m Fig. 323. A coincidence discharge of 
the three counters can be produced only 
by the simultaneous passage of at least 
two particles including the incident one* 
Rossi observed that an appreciable 
number of coincidence counts was re¬ 
gistered and these counts became still 
more numerous if a lead plate about 
1 cm. thick was placed above the coun¬ 
ters, From this result he naturally in¬ 
ferred that the three counters were affec¬ 
ted by two or more secondary particles 
produced simultaneously by a single 
cosmic ray as it penetrated the lead 
plate. Thus the production of showers 
in the lead plate was detected. 

Discovery of showers with cloud 
chamber . Cloud chamber photographs of 
cosmic ray tracks occasionally revealed 
a group of two or more tracks which 



Fig. 323. Rossi coincidence 
counter arrangement for the 
study of cosmic ray showers. 
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appeared to have been produced simultaneously. Often the group 
seemed to have a common focus lying in the walls of the chamber 
or even outside it, from which the tracks diverged. Skobelzyn was 
the first, in 1927, to notice, this peculiar feature of the cosmic rav 
tracks. Blackett and Occhialini with their counter-controlled cham¬ 
ber situated in a magnetic field were the first, in 1938, to obtain 
good photographs of such groups, as the one given on page 1058 and 
demonstrate that the tracks in a given group were bent in opposite 
directions in about' equal proportions thereby indicating that each 
group consisted of approximately equal number of positive and nega¬ 
tive particles. They further showed from the measurement of ener¬ 
gies and the amount of ionisation involved in the tracks that the con¬ 
stituent particles were positrons and electrons. The groups of such 
tracks were named by them * cosmic ray showers *. 

Anderson and Neddermeyer, in America about the same time, 
obtained photographs of these ‘showers’ and confirmed the discovery 
of Blackett and Occhialini. In the 


adjacent picture we have repro¬ 
duced one of their photos, where 
a direct ocular evidence is had of 
a shower which, consisting of three 
positrons and three electrons, ori¬ 
ginates at the wall of the chamber. 
They extended very much the 
study of these showers by intro¬ 
ducing a lead plate across the 
chamber, as we shall see presently. 
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Stereoscopic cloud chamber photo 
of a shower originating at the 

nni«fr «r ■ « . . . wall of the chamber 

JWUW Ol view, a fairly impressive (Anderson & Neddermeyer) 

theory, known as the ‘cascade pro¬ 
cess of showers’ has been worked out in great detail. On the experi¬ 
mental side, however, the study of the showers has not advanced 
very much, chiefly as regards the data required to check the propos¬ 
ed theory. We shall first give a brief summary of »the experimental 
investigations so far made and the results obtained and then pass on 
to the theory of showers. 


Researches on cosmic ray 
showers. From the theoretical 


Experimental study of showers. The different characteris¬ 
es of the shower phenomenon have been studied with three different 
techniques, viz ., (t) the cloud-chamber, (n) shower counting array of 
coincidence counters and (in) bursts in cosmic ray ionisation chamber, 
he following points have been investigated :— 

, ( a ) Shower-producing agents. The counter-control led cloud 

c . ai ?~ e r with a lead plate across it has been extremely useful in 
e uciaating this point. The showers seem to diverge form points in 
., e ead plate or in dense material close to the cloud chamber, some* 
imes from the very wall of the chamber, but rarely form a point in 
e gas inside the chamber. This indicates that the chance of shower 
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production depends upon the amount of matter there is at any point and 

that solid matter, probably the heavier the better, is particularly condu- 
cive to shower formation. 



But heavy matter alone is not enough for producing showers; a 
radiation that can effectively interact with matter i4 required. Cloud 

chamber photographs make it 
clear that showers may be induced 
either by an ionising particle or a 
non-ionising photon , as illustrat¬ 
ed in the two photos on this 
page. In the first one an 
ionising particle passing through 
the lead plate ends at the point 
of origin of the shower below 
the plate, while in the second a 
shower emerges from the plate 
with no apparent track of a 
particle entering-into the plate. 
There is some evidence for the 
two types of radiation taking 
roughly equal shares in the pro¬ 
duction of showers . 

Even within a single 
shower, sometimes the particles 
originate not from one point but 
Shower produced by an ionising rather from a narrow region, 
particle (Anderson) Furthermore, a shower passing 



through the lead plate pro¬ 
duces other showers radia¬ 
ting from different foci. 
These observations indicate 
that showers do not happen 
suddenly in a single elemen¬ 
tary process , but they grow 
as a result of many successive 
elementary processes taking 
place within a short distance 
in the substance. 

(6) Shower particles. 

It can be easily established 
from the shower tracks that 
a shower is made vp of an 
approximately equal number 
of. positrons and electrons. 
There are also strong 
evidences to admit that a 
shower contains photons as 
tvetl, though these leave no 
tracks in the chamber. Thus, 
for instance, when a shower 



Shower produced tyfinon-ionising 

photon ✓(Altaian) 
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that 

with 

how 


reaches a metal plate and more particles are formed in the plate, 
small showers appear to come out where nothing visible went in. 
Granting that something connected with the shower must have 
gone into the plate to produce this effect, one can conclude 
there must be non-ionising particles, i.e. t photons associated 
the shower which can do this. It belongs to theory to suggest 
these non-ionising links are able to transfer energy from shower 
to shower. As far as the shower photographs are concerned, 
one has no way of deciding this point or of judging how many pho¬ 
tons may have been present in the shower. There are indications, 
however, from other types of measurements, 
that the number of 'photons present in a large 
shower is comparable to that of ionising particles , 
perhaps even slightly in excess. 

Anderson and Neddermeyer in 1936, 
using a counter-controlled cloud chamber, 
with a lead plate 3 5 mm. thick across it, 
placed in a magnetic field o: 7,900 gauss, were 
able to obtain very interesting data about the 
number of ionising particles contained in 
showers. At Pasadena (sea level), out of 2,684 
photographs of cosmic ray tracks, 383 or 14% 
contained showers. On Pikers Peak {4,300 
metres altitude), out of 1775 photographs, 752 
or 42%, contained showers. In both places 
two-particle showers were most frequent ; next 
came those containing 6 to 10 particles ; 
among the photographs taken at Pike’s Peak, 
some half a dozen showed about 100 particles 
each, as the one in the photo below ; one par¬ 
ticular photo showed more than 300 tracks of 
electrons and positrons. The number of parti¬ 
cles in a shower often increased as the shower traversed the lead sheet. 



I 


* / 

y 


ffV 
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Two associated show¬ 
ers, one originating 
from above the cham¬ 
ber and the other in 
the lead plate. 
{Anderson & Nedder- 
meyor) 



A complex shower with 1 
more than 100 tracks 
obtained at Pike*s Peak. 
(Anderson) 
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The increased frequency of occurrence of 
showers at higher altitudes is a point worthy 
of note. At Pasadena, only 34 photographs 
per hour contained showers, while at Pike’s 
Peak, 120 per hour. Chiefly the larger show¬ 
ers were noted to increase at a higher alti¬ 
tude. This observation points out that the 
shower particles form the chief constituents of 
the soft component of cosmic rays. 

From a statistical study of the curva¬ 
ture of the shower tracks, it was found that 
the energies of the shower particles (both posi¬ 
tive and negative) ranged from 1 MeV to 500 
MeV, 5 to 20 MeV being the most frequently 
occurring energy. The total energy in the 
biggest shower of 300 particles was estimated 
to be greater than 15,000 MeV. 
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When shower particles passing through a plate produce other 
showers the particles of the newly produced ones are found to be 
less energetic, as seen from the greater curvature of their tracks in 
the magnetic field. This suggests that in shower formation , we are 
dealing with a process of continuous dissipation of the energy available 
at the start , without any replenishment in the intermediate stages ; hence 
the more particles there are in a shower* the less energy each will 
have and the quicker the shower will die out. 

Most of the particles constituting a shower appear to leave the 
point of origin within a cone of 40° and less. The maximum number 
of particles diverge at still less angles, about 20°, which, however, in¬ 
crease slightly with the thickness of the metal plate used for produc¬ 
ing the shower. This indicates that a large fraction of the momentum 
of any given shower particle lies along the direction of the shower -produc¬ 
ing particle. This would be expected if the shower particles received 
most of their energj^ directly from the primary shower-producing 
ray, which fact is bound to throw light on the mechanism of shower 
formation. 


p 

Nmax, 


Shower particles seem to give rise to further showers far more 
readily in a metal plate than the normal single particles, which 

might mean that the two 
kinds of particles are 
different in nature. As a 
matter of fact they are ; 
the shower particles are 
mostly electrons belong¬ 
ing to the soft compo¬ 
nent of cosmic rays, 
while the bulk of single- 
particles are mesons con¬ 
stituting the hard com¬ 
ponent. 

(c) The Rossi 
urve. Rossi with his 
simple shower counting 
array of counters 

(Fig. 323) was able to 

obtain very important 
results concerning the 




2 4 € B jo 

THICKNESS Of LEAD (in cms.) 

'* Fig. 324. Rossi curve. 


4 

shower phenomenon. By varying the thickness of the lead plate 
above the triangle of counters and measuring the rate of coincidence 
counts for different thicknesses he studied the number of showers as a 
function of the thickness of the shower producing material. When the 
experimental data were plotted, i.e. 9 the counting, rate against the 
thickness of the lead plate, a curve of the form Ahown in Fig. 324 
was obtained. It is sometimes called sjtower production curve, but 
-more often as it JRossi curve” f since it is concerned with the transition 
of cosmic rays from passage through air to * passage through solid 
matter. Such a curve represents the showers produced by primary 
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particles ol all energies and of a particular type of angular divergence 
depending on the geometrical disposition oi the coincidence counters. 
The counting rate N 0 , for zero thickness of lead, i.e. s when there is no 
lead, gives the rate at which showers coming from outside set off the 
coincidence counters. The rate o counting increases rapidly as 
thickness of lead is increased, until a maximum (N OT0X ) is reached at 
a th>ckness of about 1*5 cms. This implies that with increasing 
1 hickness >here are either more showers or the showers have more 
particles originating in the lead, which by the increase in its size, 
iielps the shower-producing agency to do its work efficiently. 

With greater thickness oi lead, the shower counting rate de¬ 
creases, at iirst sharply and then very slowly. The general decrease 
is due to ;he fact that the shower producing agency is absorbed by 
the increasing thickness of lead beyond the optimum size, so that 
(ewer showers will be generated. If the lead is thick enough so that 
only a few of the shower particles can get through it, the chance 
' that they will stop rather than give rise to more particles becomes 

great. At this stage, the shower has passed its maximum size and 
is dying. 

The initial rapid decrease of the curve up to 10 cms. of lead 
followed by a very slow continuous decrease indicates that the 
shower-producing agency , be it particle or photon , consists roughly of 
two parts : a highly absorbable 4< soft ” component and a very penetra¬ 
ting ''hard” component. 

For great thickness of lead, the counting rate does not fall to 
zero or even to its initial value N 0 , but settles down at a rather 
higher rate N, which decreases very slowly. Evidently, a few new 
shower-producing particles are being formed continuously in a thick 
lead layer by some very penetrating primary agency. Since the 
value of p /p in this region agrees well with that obtained for the 
absorption in lead of cosmic ray particles filtered through 25 cms. of 
lead, the penetrating particles responsible for the showers at this 
stage would certainly represent the*hard component. 

-• 

The nature of this new shower-producing agency can be under¬ 
stood by considering the two ways in which mesons of.the hard 
component give rise to fast electrons moving in more or less the same 
direction as the original mesons. These electrons may be produced 
either by the decay of mesons or as ‘knock-on’ electrons from very 
close ionising collisions. At sea level, there are more electrons of 
^ is type present than those of the soft type, majority of which 
I? i° reac ^ there. In open air, decay electrons and their shower 
c . "^ren are the most abundant, but under thick layers of solid 
a sorber, practically all the electrons are ‘knock-on* electrons or 
e,r 8 nower progeny whioh are mainly responsible for the tail of the 
curve. There are indications, however, for the existence of a new 
ypc of penetrating showers in the ‘tail* region, which we shall con- 
81 ©r when we deal with different kinds of showers. 
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The Rossi curve throws light also on the ‘soft* component of 
cosmic rays. In order to explain the occurrence of a maximum in 
the curve at less than 2 cms. of lead one must suppose that the 
shower particles themselves are easily absorbed, Rossi has tested 
this hypothesis directly by measuring the penetrating po wer crt the 
shower particles with an absorbing screen placed horizontally bet¬ 
ween the top and bottom counters. It is found that a considerable 
fraction of the shower particles are absorbed by a few centimetres of 
lead. Furthermore, other observations have shown that the absorp¬ 
tion coefficient of the shower particles agrees fairly well with that 
of the soft component of cosmic rays. It has also been found that 
the frequency of occurrence of showers in a given material increases 
with altitude, but much faster than the total cosmic ray intensity. 
In the light of these results, it is now generally held that a great 
majority of showers are produced by the soft component . 

{d) Shower production in different materials* In the 

Rossi arrangement for shower production, replacing the lead above 
the counters by other material, such as aluminium, copper, iron, etc. 
and repeating the experiment, the efficiency of shower production in 
different substances can be studied. Drawing the Rossi curve for 
each of the metals used, the thickness corresponding to maximum 
efficiency of shower production (N max ) can be estimated. The results 
obtained show not only that lead is much more effective than any of 
the other metals, weight for weight, but also that the shower efficiency 
is directly proportional to the square of the atomic number Z of the 
absorber used . Thus we arrive at a very important property of 
showers, viz., their production is a Z 2 process, like the pair production 
and radiative collision processes. This gives a valqable clue to the 
mechanism of shower formation, which is utilised in formulating an 
adequate theory of the phenomenon. The Z 2 law enables one also 
to establish the identity of shower particles with the soft compo¬ 
nent ( Cf . p. 1050).. 

Note . The Rossi curves can be drawn also from data obtained 
with a cloud chamber which is placed in a magnetic field and in 
which can be inserted plates of various materials of varying thick¬ 
nesses. Investigations of this type have been made (in 1940) by 
Nassar and Hazen, but the data obtained are few and incomplete. 

(e) Different types of sho*yers. According to the different 
modes of production, some of which still remain obscure, showers are 
classified under different categories : — 

( i ) Electronic cascade showers are very frequently met with in 
cloud chambers, especially at high altitudes, as illustrated by several 
photos already given. They are called ‘cascade* shoivers, because 
they can be adequately interpreted by a theory known as the ‘cas¬ 
cade process’ which involves the multiplicative transformations ot 
electrons into photons by means of pair production. This mechan¬ 
ism of shower production will be dealt with in greater detail below. 

These showers consist of positrons and electrons as well as photons 

-1 


COSMIC RAY SHOWERS 


1103 


and form a good portion of the soft component of the cosmic rays 
The primary particle responsible for the whole family of these 

showers 18 Th r ev Pr ° bab,y ri an ®. lectron ’ hence the name ‘electronic’ 
wLS JF? y - , ar ? P rod u°ed in air of the atmosphere, as well as in 
cal sed material objects. In the former case they are known as 
air showers and in the latter local showers. 

first ( ?n A X S \° W T PierreAuger - the F ">nch scientist, was the 
nrst, in 1938 to discover the existence of ‘very extensive air 

mile 6rS n whose ! breadfch be considerable, up to a quarter of a 

Us, r g i S o ° Wer count,ng arrays of large counters spread over a 
distance of 10 metres apart from each other, he was able to obtain 

at if* 5 ? 06 ® ou , n * s - A bout 60 such counts per hour were recorded 

altitude^At th hl e tt°° P | er h ° U ^ at Jungfrau sta tion (3,500 metres- 
altitude). At the latter place coincidences were found even ud to 

of 30Q ww. Mfa.tt, the .proud ,„f.„ extaSS 2wS 
as C “ “““I*"*- 4 "' h showers are known 

Experimental data indicate that the total number of © articles in 

which i, h ° Wer ? ell * xceed a million <™d that the primary particle 

eV ' , 0t,ier stdl bigger showers have been detected bv large 
arrays of counters ; the biggest that has been observed musf have 
ve °P° rom an initial particle with an energy of the order of 10” 
eV. It may be noted that large volume liquid Cerenkov counters 
Lar^e recently used in the study of such showers (Cf p 905) 
0 J„ g V* lr showers are accompanied by bursts of visible light due to 

££?' SJEkf b ?,* h « “gh .psod positrons .»d else” 

f™“«, fr ™> *!><■ ionisation produced by the eo.mio 

S »mf„ f 0 '"“1““ of th ' U « h *- A " «»onaiy“ shoS coS' 

mg millions of particles spread over a large area is bL ? v 

foot while tli* * i . may be hundreds of particles per 

only on; pmw^pe"”^ yTrd.™^ the 0B * fa i P art with 

extensive^shower'by^he'ustTof doud°cb ^ Portion of an 

in 1939, Lovell Ld J G Will i chambers. Thus, for instance, 

20 ft. apart, simultaneously bv a enn'ift * ng tW ° ° 0U /* chambers, some 

showers, obtained photogfaphs ofnart TT WhiCh ***** a * 

two chambers, as the ofe iJustrated in th Mg K !“ Sh ° Wer in the 
page. The particles are seen tn w j 1Q ^ photo on the next 

£^rtt r ;m If iL c, ;° d - “>“»h«r p ocu;;L n i?u y sfflSL' l ¥£ 

givo no indicution of .«■ 
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in the plate, but rather the transition of showers from 
and then back again to air. The one or two partick 


An extensive air shower passing through a pair of cloud chambers 

A and B, IS ft. apart (J. G. Wilson) 

air-shower reaching the lead plate become sources of smaller local 
showers which emerging into air show signs of growing sideways to 
a size more suitable for a shower in air. 

Several investigations have been made on these extensive air 
showers using counter systems called hodoscopes or ionisation cham¬ 
bers, but the interpretation of data obtained is not easy due to vari¬ 
ations in the density of the particles across the shower, different 
sizes of individual showers, etc. 

Most of the particles in these showers are electrons , There is, 
however, some experimental evidence to believe that most air showers 
contain a small fraction (25%) of penetrating particles. Auger, in 1947, 
has tried to establish their presence by measuring the absorption of 
the extensive air showers and even to identify them with a new kind 
of meson, th § lambda meson , singly charged, with rest-mass of' 5 to 
10 times that of the electron. Other investigators have tried to 
produce evidence for the presence of ordinary mesons in air showers. 
Further researches have shown that air showers have often a narrow 
central core of ^-mesons. These ft-mesons are the decay products o 

charged rr- mesons created in the same nuclear explosion that pro¬ 
duced the neutral 7r°-mesons whose decay y-rays initiated e 
shower. Additional evidence that the decay of the 7 r°-meson into wo 
y-rays is the primary event in the initiation pf the shower * 8 
by cloud-chamber photographs of complex showers thalr have ( ® 

cores of electron-positron cascades. It is therefore possib e' a 
Auger showers may be,-at least partly, different in nature from o 

ordinarily seen in cloud chambers. 

(Hi) Penetrating showers . The tail of the Rossi curve at grea 
thicknesses of absorber, and chiefly the presence of a secon 8 , 1 ? 
maximum in the curve at a thickness of 18 or 20 cms. o 
dic&ted the possibility of the existence of penetrating s _ ^ 

Alt.YlAlTfrh I.Ka riiinofinn nf ft coeonrl mfLY 1 FH11 ITi W&S COIltrOVOr G 
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time as some observers could not find it Brussarr? n™* 

^941, were able to obtain definite evidence for its existence at ahr/t 
1/ cms. of lead through a cloud chamber studv nf i ^ a bout 

duced * thi«k* 8 *, s g „„, ,i th0 " ,owe " p™- 

■do,d first m,h Ue 

?L P o en t trating P articI «s was obtained, in ° d for ' a pmr 
, . ® ra <ldick and Hens by who 
working in a tunnel 30 metres under the 
1 idon clay photographed cloud cham- 
er tracks of a pair that passed through 
looms, oi lead above the chamber and a 
eadplate 2 6 cms. thick inside the chain- 
her. By 1944, Rochester at Manchester 
was able to show photographs of 18 sepa¬ 
rate showers of more than two partifcles 
in which the particles had penetrated 53 

Moi'l ° f * ead - Cowell (1941), Wollan 
(1941), I azen (1943) and Daudin (h944 ) 

obtained cloud chamber photos of these 

penetrating showers at mountain alti- 

udes. In 1948, Fretter at California 

Juilt a large cloud chamber with 16 lead 

plates, 1/2 inch thick each, which 

operating at an altitude of 10,000 feet 

photographed about four penetrating 

showers daily, as the one reproduced 

tbf J* J S 8Ce ? from the P hoto that 
particles of a penetrating shower 

-re capable of traversing • several lead 

plates without deviation or multipli- 

cation. They also tend to diverge less 

tdely than do those of electronic -sho- 

chidAH^?*n heSe faCtS ‘ k has been con ' 

eluded that the particles are more mass¬ 
ive than electrons and consequently 
named meson showers . ^ ^ 

countfr^h 8 * aUd Ine ' eb y> usin g the 

l wer ° abie > in 1941 • to 

tinT^ f i y U,at showers of penctra- 
g particles were found under load 

absorbers, which could not be either 
ordinary electronic cascade showers or 
fcf k '“ n showers. I n 1943, Janossyand 
Rochester, making a more informative 

rr m ^ 8tigati0n > found that penetra- 
ftng showers were produced by both ionis¬ 
ing and non-ionising radiation in the pro 
70 


A penetrating shower made 

of four particles which pas 

through many lead plates 
At the top of the showers is 
burst of electrons 
(Fretter ) 
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portion of about 2 : 1 and that the non-ionising radiation was ryot photonic 
in nature . They have speculated on the nature of these penetrating 
shower-producing agents and remarked that protons and neutrons 
might-he the ionising and non-ionising radiations respectively. Janossy, 
with a slight improvement of the Hamilton-Heitler-Peng meson 
formation theory, has suggested that if a fast proton collides wit!) a 
complex nucleus containing several protons and neutrons, the result 
is a small shower of mesons forming the penetrating shower. More 
recent investigations by Broadbent and Janossy and by Rochester, 
in 1947, tend to show that the phenomenon of penetrating showers 
might be even more complicated than that expressed by the above 
hypothesis (Cf. below) 



(iv) Non-collimated type of showers. Sometimes a relatively 
rare type of shower is obtained in cloud chamber photographs, 

as the one shown here. In such 
a shower,, the particles do not 
appear to be collimated at all, 
unlike the more common colli¬ 
mated type ; they diverge from 
the place of origin in all directions, 
some of them even backward. The 
total number of particles involved 
is seldom large. Some of them 
possess very great transverso mo¬ 
menta, while the particles of the 
ordinary showers have a preponder¬ 
ance of momentum in the forward 
direction. These facts indicate that 
this rare type of non-collimaled 
shower is something quite different 
from the normal collimated typ©j 
involving quite a different mechan¬ 
ism of production. They are to be 
assimilated to the “star” effect, 
which results from a nuclear dis¬ 
integration produced in some way 


A non-colliinated type of shower by the cosmic ra^S. 

(/) Bursts. Hoffman was the first, in 1927, to observe cospuc 
ray bursts. Studying the ionisation caused by cosmic rays in a e 
pressure ionisation chamber, he noticed that occasionally a _ 
deflection of the electroscope occurred, indicating momentary e 
sive ionisation. The cosmic ray phenomenon responsible l0 * 
excessive ionisation is called a "burst' \ Since 1932, the pheno _ _ 
has been extensively studied. Steinke and Schindler (1933) e 
trated the nroduction of bursts in a sheet of * ea ■ ? V j ^e- 
ionisation chamber. - Subsequent observations have establw 
finitely that bursts are identical with showers. Both vary u* . . 

the same manner with altitude, latitude and thickness ofma^ 

* 
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SSSdtf' ItXinl BUrS ‘ S tl,nS •» 

Bursts are found to vary greatly in size, their frequency de 

more rf t' i ncr f asin g aize - Their frequency increases with altitude 
ra P ldl y l0r lar 8 e bursts than for small. Schein and Gill in 
1939 using an ionisation chamber 36 eras, in diameter fillec with 
argon at 50 atmospheres, observed at an altitude of 3,350 metre- \ 
burst of 10 ion pairs, which they ascribed to some 10,000 cosmic rav 
IWticles having a total energy of 10'* eV. Lewis and KingshilJ in 
1946, had investigated extensive air showers by coincidence bursts 
in two thm-walled, unshielded ionisation chambers. They measured 

metres, the frequency 

MaSlCrC' 0 ! 1 occurring simultaneously in the two chambers 

frequency was found to increase with altitude. At a g iZa£,H 

chamber ^^t T""® °/ size and separation of the 

ere. In the largest showers observed, at least B 000 narHVioo 

per sq. metre overan area of 100 sq. metres were invol ved so K th 

llursts j, q 1, . . ^_ U near a million. A few 

urets, as in the case of air showers, must have resulted from nuclear 
disintegrations caused by the cosmic rays. nuclear 

-Theoretical study of showers. The normal type of well o, 1 
hmated showers, which includes the extensive air showers and h,.r S t! 
where the constituent particles are ™ a " d bursts > 

electrons and photons, has been 
satisfactorily explained by what is 
ordinarily known as the ‘cascade’ 
theory. Special showers of the 
penetrating and non-collimated 
types have not yet received such 
complete theoretical interpretation 

The cascade theory of 
showers. The theoretical explana 


a 


tk»n of showers as a cascade, process 
of elementary happenings was 
suggested qualitatively by several 
workers. In 1937, a quantitative 
treatment was given independently 
by Bhabha and Heitler in England 
and Carlson and Oppenheimer in 
America. The cascade theory in. 
volves two other theories, viz., that 
°1 pair production and radiative 
collision which have already been 
treated (Cf. pp. 1060 and 10751. A 

its 8 energy by^ad^ative^oHUicm \v 8 h ™ at< f r '? se8 a lar 8 e amount of 

the form of a photon which will be en^ttld aSg^fhJtTs If 



Prof. H. J. Hhabha 
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conservation of momentum in the forward direction. The photon thus 
generated moves with the speed of light and after travelling a 

short distance is completely absorbed 

by interaction with the electric field 

of an atomic nucleus resulting in pair 
ELECTRON production. The positron-electron pair 

thus created sharing between their 
. the energy of the lost photon, tend 

i\ to be shot off in the forward direc- 


! PHOTON 


I 



Fig. 325. Cascade process of 
shower formation. 


tion. Each of the pair will, in its turn, 
produce, by nuclear collisions, new im¬ 
pulse photons of slightly lower energy 
and these produce new pairs' of still 
lower energy. Thus a cascade showt 
of electrons and photons is built up, 
as represented diagrammatically in 
Fig. 325, by alternate transformation 
of mass into energy and of energy into 
mass, a single particle starting the 
cascade of events that results within a 
minute fraction of a second in a large 
group of more or less equal numbers o 
positrons and electrons. 


The multiplication will continue until the initial energy 
becomes divided between a large number of pairs and the indmduai 
energies of the particles fall below the ‘critical energy’, when ph<«°n 
emission and pair production can no longer occur. The energy 
of the shower is ultimately dissipated through Compton and 
photoelectric effects produced by the photons and through lonisat n 
of atoms by the particles. As these slow down to rest, the P® 
electrons in them will disappear by uniting with any n g 
electrons (not necessarily those- belonging to the chow ) T 
process of annihilation of matter. Thus the number of particl^ 
and photons in a shower increases to a maximum a 

decreases. 

In the quantitative treatment of the phenomenon it is 

therefore, toVke into accent the protabilitie. otthe 

the *straggling effect involved in such a process and the vanataon^ 
energy of individual particles and photons over wide lim > 

problem. The approximate solution leads to the following 
elusions :— ' •* | 0 

(t) The general course of the shower is the same yolv . 

initiated by a particle or by a photon. At the should move 

almost in the same forward direction, so that the whole group 
proceed in close array 
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th. ;r£te /3,w,> to * shower shmw b » d »“ bi « 

(fit) Hi e crittfal energy for shower formation depends on the 
density of the material m which the shower is produced, being lower for 
heavy substances than for light. Thus, for example, in water the 

nTM^S 0n r^ 3 ° WhCn the 6nergy has de generaterl to 

7 MeV V ’ h C 11 Cad he process 8° es on down to energies of about 

(iv) Showers occurring in different materials differ chiefhi ir> the 
spatial scale of the phenomenon. The amount of space occmSed bv a 
shower will depend on two quantities : the distance a fast electron is 
likely to travel before it gives rise to an energetic photon and second 
ly, the distance which this photon is likely to go before it is absorbed 

fcr B,^ f h It , happ “ s ,hit ,he “ 4 —£& zzt, 

tbesame. Bin as the two processes depend on Z« the distance 
overed by a si ngle step of the cascade multiplication, known as the 

ifnT* umt > 7 arles g rea tly from substance to substance • for lead it 
.3 0-4 cm for iron 1-5 cma., for aluminium 8 cms., for water 34 ?ms 
and for standard air 275 metres. 

(t>) The number of particles in a shower at its maximum size is 

d^idedlTthf e W r n f y tKe * nerpy ° f t he Parlide that started the sh ™er 
voided by the critical energy, since the shower stops growing when the 

electrons in it have an energy equal to the value o ? f the critical energy 

The number may attain any value if the initial energy is sufficient^ 

s.“ ; riSv ,l, v ,l r; ers ,viih mim °™ ot s«” .““.K 

seen. A 10 1 eV electron m passing through lead will activate a 
maximum shower at about 3 cmC i.e, in 6 to 7 caslade uffitslrom 
; : upper surface producing about loo particles and about 150 

(n°r ° f million partiole,. ,h„ 

n 8 cms. of lead. By contrast, a shower initiated by the same 10^ 

ha^b^en^penetTat^d. Woul ^ not reac ^ * ta b.bai„ um ua.il 800 <1. 

with J he f ul1 ranfje °f sho ™er is greater and varies sliqhilv 
eueeptionaUy ZStttgS’ £ S 

^‘^7T»d ,ho Fo,".h° f “by' 

phere corresponds to about 26 cascade units h ° Je atmos - 

(vu) The lateral spread of a shower 1 i 

its size, for the sideways motion always takes nh e ? en on 

or two, when the particles and photons^re of twT m , the aSt Step 
hence subiect to Jmttor^n r 1 olons ar ^ ot the 1 °west energy and 

about one cascade unit As a result a^hn^ ^ lat ? ral 3 P read is only 

uni*. J%B a result, a shower coming out of a lead 
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plate, appears all to come from a point, since the cascade unit in 
lead is so small ; but in the atmosphere, the lateral spread will ex¬ 
tend to several hundreds of metres corresponding to the cascade 
units in it. Furthermore since the scattering of shower particles is 
inversely proportional to the energy, the highly energetic shower 
particles form the core of the shower and the less energetic particles 
are pushed off to the sides. Due to the same cause, the density of a 
shower at a given level should be greatest in the centre and should 
decrease rapidly towards the sides. 



Th ese predictions of the cascade theory are in fair agreement 
with the results obtained in the experimental study of the ordinary 

showers, both of the local type 
in different absorbers and of 
the extensive air type. Per¬ 
haps the best and the most 
direct proof of the essential cor¬ 
rectness of the theory comes 
from cloud chamber .photo¬ 
graphs of showers produced 
in successive lead plates within 
the chamber. In the adjacent 
photograph it is seen that a 
single shower-producing par¬ 
ticle coming from above gives 
rise to a shower consisting of 
a few particles as it penetrates 
the first top plate. The shower 
then grows to larger sizes in 
the successive plates,*until the 
energies of the shower parti¬ 
cles become so small that the 
probability of further photon 
production and pair creation 
decreases sufficiently that no 
further increase in the size of 
the shower occurs. 

Nassar and Hazen, w 
1946, using a counter-con trol¬ 
led cloud chamber with 4 lead 

Growth of a cascade shower plates 0 7 cm. thick , 

distances, 5*3 cms. apart an 

a magnetic field of 1,100 gauss, were able to confirm roughly some 
of the particular theoretical predictions regarding the 
of particles present at various distances along the path 
shower, the distribution of energy among the particles at max 


size, etc. ^ 

" Theory of penetrating showers. Showers of the P®Be ** r 
in£ t/pe are primarily caused by a peculiar type of exp o 
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hydrogen is the most abundant; helium comes next; lithium, beryllium 
and boron, which are known to be very scarce in the universe, are 
found only in a small proportion in cosmic rays also. A more detail¬ 
ed study of the charge distribution however shows that the abundan¬ 
ces of nuclei of charge greater than 10 are all greater in cosmic rays 
than those observed in the universe. r'hese findings may be useful 
in framing a theory about the origin of the primary radiation. 

B. Secondary cosmic rays. As for the secondary cosmic radia¬ 
tion reaching sea level through the atmosphere, there are evidences 
to show that it also contains, in addition to electrons and mesons, 
more massive components, such as protons , neutrons and the so-called 
“star-particles", most o them being secondaries of course. Although 
these heavy particles constitute only a small fraction of the total 
radiation, yet many of them have large energies and cause powerful 
nuclear effects, so that their study is bound to help greatly in under¬ 
standing the fundamental nuclear processes. The investigations 
made to detect and analyse them will now be briefly stated. 

The proton component. Since 1933, several investigators 
such as Anderson and Neddermeyer, Blackett and Occhialini, Street 
and Stevenson and others have suggested the existence of a small 
percentage of protons in cosmic rays, in order to account for the 
heavily’ionising tracks found in the cloud chamber pictures. More 
recently, direct attempts have been made to detect the proton com¬ 
ponent. Thus, Korff, in 1941, using specially arranged counters 
which were carried aloft by balloons, detected about 4 protons per sec. 
per cubic metre at an altitude of 10,000 feet. Powell, in 1946, using 
a random operated cloud chamber at an altitude of 10,000 feet, >vas 
able, from 22,400 photographs taken, to identify as protons 4% of 
the rays that were observed to penetrate at least 1 cm. of lead. In 
spite of the paucity and indefiniteness of experimental data, there 
seems however to be a strong indication for the existence of a pro¬ 
ton component in cosmic rays, about 0*1% at sea level and about 
3% at an altitude of 10,000 feet. This component shows no pre¬ 
ferred direction and is probably not primary radiation, but rather a 
secondary produced by nuclear disintegrations in the atmosphere. 

The neutron component. The neutrons form a more impor¬ 
tant component in cosmic rays than protons. Rochester and Jaiiossy 
found that about a third of the penetrating showers are produced 
by a non-ionising radiation, presumably neutrons, as we have already 
remarked (Cf. p. 1106). 

Free neutrons in the atmosphere have been detected and ana¬ 
lysed by the photographic emulsion, proportional counter and ionisa¬ 
tion chamber methods :— 

Photographic emulsion method . Schopper (1930), Locher (1933- 
36), Blau and Wambachcr (1937) and Heitler, Powell and Fertel 
(1939) have employed this method. Several specially prepared'photo¬ 
graphic plates covered with paraffin, carbon and load were sent up in 
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balloons to detect the neutrons. A five-fold increase in the number 
of heavy tracks was noticed for the plates covered with paraffin com¬ 
pared with the plates covered with carbon and lead. Most of the 
tracks were attributed to recoil protons excited in the paraffin by 
neutrons in cosmic rays. It was concluded that at a depth of 

V 2 metre water equivalent-, an appreciable number of neutrons was 
found. 

Proportional counter method . Korff and his collaborators in 
America (1939-46) have used proportional counters with thick walls 
(to exclude electrons and mesons) filled with boron trifluoride (BF 3 
gas) to detect the neutrons through the a-particles emitted in the 
nuclear reaction of neutron with boron. A sleeve of boron carbide 
w r as employed, in order to ensure that the neutrons came from out¬ 
side the walls of the instrument. Likewise, a shield of cadmium was 
used to sort out the slow neutrons from the fast ones. When the 
counter is surrounded by the cadmium shield alone, A only fast neu¬ 
trons are allowed entry into the counter. On the other hand, when 
the sleeve of boron carbide alone is slipped over the counter, since 
boron absorbs both slow and fast neutrons up to 1 MeV, no cesmic 
ray neutron below that energy level is likely to get through... By 
comparing the counts obtained with the different shields on, it is 
possible to determine not only the total number of neutrons in cosmic 
rays, but also to separate them into slow and fast ones. 

Korff and Hamermasch (1946) devised a mechanism that auto¬ 
matically changed the shields at two-minute intervals, leaving the 
counter unshielded for an equal period. In the stratosphere explora¬ 
tion by sounding balloons, extending up to 100,000 feet, the counts 
were transmitted to the ground station by means of short wave radio. 
Their observations showed that the neutrons were more numerous at 
nigh altitudes, with a steady decrease in intensity downwards. 

Ionisation chamber method . Montgomery has used an ionisation 
chamber filled with BF 3 , in conjunction with a linear amplifier, to 
detect the neutron intensity. Von Halban and his associates (1939) 
utilised the radioactivity induced by neutrons in bromine in their 
experiment in which a chamber containing ethyl bromide was carried 
in an aircraft to a height of 30,000 feet. 

These investigations have led to the following conclusions : (0 
The total number of neutrons in cosmic rays is considerable, possibly 
of the same order of magnitude as that of electrons or photons ; (*0 
their total energy is probably much less than that of the soft rays , 

(in) their intensity and rate of production increase with altitude , 

(iv) most of them are released in nuclear disintegrations (stars). 

C. Cosmic, ray stars. The phenomena known as “stare 
were first discovered in cloud chamber photographs, where occasiona y 
star-iike set of tracks of several heavily ionising particles 
from a common origin was obtained, as the one shown on page 119 . 

Extensive researches wore undertaken by Hazen (1944) an 
Poweli (1946) to study these cosmic ray stars employing cloud cham- 
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bers containing several lead plate3. The photo below illustrates one 
of the few cases of a star formed in the gas of the cloud chamber 



A cosmic ray star formed in the gas of ft cloud chamber (Powell) 

obtained by Powell. The star contains five particles and is probably 
excited by a non-ionising radiation, although it may be caused by the 
fast heavy particle making the thin track corning obliquely from 
below. The cloud chamber, though capable of furnishing excellent 
qualitative and quantitative data, has the drawback of producing 
only a few stars over a long period of operation. 



The photographic emulsion method has the great advantage that 
many more stars may be obtained in a reasonably short period of 
observation and with less 


trouble, since the plates have 
merely to be exposed without 
any complicated operational 
difficulties, unlike in the case 
of the cloud chamber. Blau 
and Wambacher (1937) were 
the first to find cosmic ray 
stars in photographic emulsion 
plates exposed for five months 
at an altitude of 2,300 metres. 
Since then several others, such 
as Shapiro (1941), Powell and 
Occhialini (1946), Leprince 
Ringuet and his co-workers 
(1947), have employed this 
method in the study of the 
stars. We have-already given 
a photo of a “star’ obtained 
by Occhialini and Powell on 
page 922* Hero we reproduce 
another magnificent one obtain¬ 
ed by Leprince Ringuet. In 
this star there are 34 visible 
tracks, chiefly protons and 
a-particles. The total kinetic 
energy of all the emitted 


A cosmic ray star in photographic 

emulsion 

(Loprinco Ringuot) 
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particles exceed 1,000 MeV. The longest track within the emulsion is 
that of a 50 MeV proton, extending to about 3,500 m. The actual 
stars obtained in photographic emulsion are evidently much smaller 
than those produced in the cloud chamber ; the photo civen here is 
evidently a very large magnification of the original stai 

The ionisation chamber technique has also been utilised for the 
study of stars, by Bridge, B. Rossi and Williams (1947), Analysis of 
th<? shape of the pulse as a function of time permits fairly definite 
identification. The ionisation pulses in an unshielded chamber 
appear to be caused not so much by air showers as by heavily ionis- 
ing particles from cosmic ray stars. 

From these different investigations of cosmic ray stars, the 
following results have been obtained :— 


Experimental . The usual number of particles in a star is from 
two bo ten, averaging about four. The mean energy of an individual 
star particle is of the order of 10 MeV. Most of the observed tracks 
refer to protons, although some of them may very well be mesons ; 
oc-particles also occur, occasionally even heavier nuclear fragments. 
Neutrons also form a component of the star particles, probably as 
numerous as the protons. As regards the direction of the particles, 
although the tracks appear to be distributed at random there is 
some evidence for a preponderance of downward direction. With 
increasing altitude, the number of particles per star increases very 
slightly, but the energy of the particles increases rapidly. The fre¬ 
quency of occurrence of stars increases to a great extent with 
altitude, (of the order of fifty in going from sea level to an altitude 
of 15,000 ft. )—in somewhat the same manner as several components 
of cosmic rays, which fact proves definitely that cosmic fays are 
responsible for these stars. 


Theoretical . The stars are presumed to be the outcome of 
nuclear disintegrations that are produced in some way by cosmic 
rays, similar f to those occurring in natural radioactive materials. As 
regards the particular component of cosmic rays which Is responsible 
for star production, some authors have suggested Jhe high energy 
gamma rays of the soft component ; but this has been contradicted by 
experimental observation^, such as, stars not being associated with 
the soft radiation, the increase of the average energy of stars with 
altitude, etc. 


Others have expressed the opinion that they are due to the 
capture of slow mesons. Although there exists some experimental 
evidence for such a process (c/. Fig, on p. 1094), it cannot be the 
main source of stars since the altitude variations of stars and of slow 


II 


esons are 


strikingly different. 


Powell has proposed that high energy neutrons are the producers 
of stars , which seems to be the most satisfactory explanation, since 
most, of the experimental data can be understood fairly well on this 
hypothesis. The primary rays (protons) colliding with air nuclei 
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a So re o a ^° °f nuclei does nob fall under our experience, the largest 
known nucleus, uranium, containing only about 240. There is the 
further difficulty of explaining how tiie liberated energy is concen¬ 
trated in a single particle, unless it be assumed that the nuclear an¬ 
nihilation itself gives rise to last protons. But then, since it is well 
known that electron annihilation gives rise to Y* ra y s » symmetry 
suggests that annihilation of heavy particles would do likewise.* 
Hence, no nuclear methods of supplying energy , as far as we understand 
them f appear to offer much hope for a solution of the problem. 

m 

The macroscopic processes refer to mechanisms that are 
effective over very large distances and impart to* particles the very 
high energies met with in cosmic rays. They must necessarily be some 
sort of accelerating field, of which there are only three known types, 
gravitational, electric and magnetic. Because ol large distances only 
mall fields are needed. The gravitational field can influence all 
material particles, while the electric and magnetic fields only chaiged 
particles. All the three modes of acceleration have been utilised for 
explaining the energy of cosmic rays. 


Milne proposed that the cosmic ray particles owe their energy to 
the gravitational field of the universe. This opinion, however, did not 
mtin much favour with scientists, as it could not adequately explain 
all the observed peculiarities of cosmic rays, such as their charged 
nature, isotropic distribution, etc. 


_ * 

C. T. R. Wilson suggested that the electric field produced by 
thunderstorms might be responsible for the highly energetic cosmic rays. 
But this theory was soon abandoned on account of the many diffi¬ 
culties it raised, viz. {i) cosmic rays should then have a terrestrial at¬ 
mospheric origin which would lead to results contrary to observed 
facts ; (u) variation of cosmic ray intensity with altitude and latitude 
cannot be adequately explained ; (Hi) the great conductivity, of the 
atmosphere at high altitudes renders impossible all supposition of a 
radial electric field, sufficiently great and permanently existing ; 
(ir) as the P. D. between charged clouds is ordinarily of the order of 
10 9 volts, the very high energy cosmic rays cannot be produced by 
them, specially the hard component : (i>) electric fields, in general, 

even when they are extended over large spaces, which renders them 
ettective accelerators in spite of their small intensity , must probably 

be abandoned as possible sources of great energy, since space is a 
good conductor and must be essentially neutral for longtime 

stabiht}'. ° 


W, implying magnetic fields have been more promising. 

What is essentially required is a magnetic field which varies with 
une ; it is not necessary that the intensity should be great, since 
c arged particles could be accelerated to very high energies by re¬ 
peated action of a weak field, similar to the * cyclotron effect. There' 
are two possible places where one may seek for such varying fields 
lhe first is w the stars and the second in the galactic field. In stars 
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Ind the fi«M°. k,ndS * 0f , fie dS u the general field of the 8tar as » whole 

the rotat.on of fche galax.es or more locally by double or individual 

origin n f 7 hA d - H Wi naturall y determine also the place of 
origin of the cosmic rays : e.g., if the field of the sun is chosen then 

galacSeld^aK ^ t0 ° riginate in the sola r system ; if the 


accouT^ U fn h r 0 t r L haVe T ad f U8e ° f these different magnetic fields to 
account for the supply of energy to cosmic ray particles. 

nf 7/^ Wa « in WaS V*? point out that the changing magnetic fields 

ini % ™n-spots_ on giant stars might constitute the cosmic ray genera - 

lnoki k ° an * iC htmyer have recently made this mechanism more 
- refemng fc u ie r€ % u%red varying magnetic field to the sun . The 
+ m ®° ar corona with their fiery fountains and 
t * o b ex endin £ from the surface of the sun and changing with 
’ S ,° 8 ® rved the help of the solar coronograph, constitute 

the accelerating mechanism which produces cosmic rays. The balls 

, . 5 e an s ^ reamers contain ionised gas and hence charged particles 

1C a * 6 ^!f d ma £ ne ^ c ^ines of force. The most powerful among 
em ac ually escape from the neighbourhood of the sun and carry 

their magnetic fields along with th-m to the orbit of the earth and 

presuma ly even further. The magnetic curtain around our plane- 

purpose ; it may transform cosmic 
rays into an effectively isotropic radiation and at the same time in¬ 
crease the cosmic ray intensity by forcing the same particle to pass 
and repass the orbit of our planet a great number of times. 


As the authors themselves admit, their hypothesis does not ex¬ 
plain how an extended magnetic field is established throughout our 
solar system and in what way and for how long cosmic rays are oon- 
fined in our system. Other difficulties that may be raised are : 
(t) the sun could, from the known spot fields, supply the low energy 
part; of the radiation, but not the high energy part; (it) the lack of 
marked dependence on solar time; (Hi) the rapidly falling weak 
magnetic field originating from the sun cannot adequately explain 
the observed isotropic distribution ; (tv) even assuming that sun¬ 
spots are very*common, one is still left with the difficulty that the 
total energy of cosmic radiation is so great that the spots would have 
to emit more energy than is possible, at least in the case of the sun. 
Calculation shows that the total energy of the cosmic radiation is 
much greater than the total radiant energy output of not only the 
sun, but even of all the stars and nebulae in the entire known uni¬ 
verse put together. 

Fermi has proposed the magnetic field of our own galaxy as the 
cosmic ray generator . as we have already remarked. Since the entire 
galaxy is in rotational motion, the ionised diffuse matter in it re¬ 
volving in a curved path will sec up a galactic magnetic field. Clouds 
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of charged matter passing by each other or occasionaljv colliding, 
can certainly set up fields with time variations, which could generate 
the requisite high energies. On the assumption that the motion of 
the clouds is quite random, it can be shown that the net result of 
the transfer of energy in such collisions is that the cosm ic ray parti¬ 
cles gain energy exponentially. On the other hand, a particle can 
lose its energy again if it is involved in a nuclear collision in inter- 
steller space, which will, on the average, happen about once in 
0 x 10 7 years. The equilibrium between these two effects results in 
an energy spectrum which falls off according to a power law with 
increasing energy, and by using reasonable quantities for the various 
parameters which enter into the theory, one may obtain good 
agreement with the exponential energy spectrum of the primary 
cosmic radiation. Furthermore, since the process has the entire 
rotational energy of the galaxy to draw upon, it can, without deplet¬ 
ing itself too fast, supply the total energy ; the galactic field can also 
servo the purpose of the trapping mechanism which keeps the parti¬ 
cles circulating within the galaxy. 

This hypothesis appears to be a really good one, where known 
sources are used to account for the total energy. A If veil, the Swedish 
astrophysicist, in 1943, cited evidence for the existence of varying 
magnetic fields near double stars, which may reproduce the opera¬ 
tion of the cyclotron in accelerating the cosmic ray particles to their 
high energies. In 1948, Babcock of Mount Wilson Observatory re¬ 
ported on a variable star with a changing magnetic field. The field 
force of this source rises to f 7,800 gauss, then in a few days*' time 
reverses its polarity to — 6,500 gauss. Such a fluctuating field could 
certainly produce cosmic ray energies. 

Inter galactic magnetic fields have also been invoked for the genera - 
turn of cosmic ray energies . Such a mechanism requires no trapping 
process ; it implies that cosmic radiation is the preponderant energy 
of the universe in consonance with Lemaitre’s hypothesis that con¬ 
siders the universe as an immense atom which at the initial explo¬ 
sion emitted the cosmic rays by a sort of super-radioactive process. 

It is theories such as these involving magnetic fields on the macro¬ 
scopic scale that will probably help us to understand in time hoiv cosmic 
ray particles become so energetic. The problem of the origin of cosmic 
rays is, however, of greater interest to the cosmologist than to the 
physicist, since its solution is bound to contribute to the description 
of the physical universe and its ancient history. For the ph3^sicist, 
what the cosmic rays are and what they can do are of more imme¬ 
diate interest, since through them he can learn a lot about the 
mysterious nature of fundamental nuclear processes and the law's 
that function in the realm of extremely high energies. 


CHAPTER XV 

Structure and Properties of the Nucleus 

In this last chapter a short account of the structure and pro¬ 
perties of atomic nuclei, as revealed by the experimental investiga¬ 
tions of atomic and nuclear processes described in the course of the 
book, will be given. 


1. STRUCTURE OF NUCLEI 

A. Theories of nuclear composition* Rutherford’s nuc¬ 
lear theory of the atom shows that the nucleus must have a very 
compact structure unlike the extranuclear family of electrons, although 
practically the whole mass and the total positive charge of the atom 
are concentrated in the nucleus. Natural radioactivity, in its turn, 
clearly points out that the nuclear structure, though compact, must 
be very complex t capable of ejecting different particles like a-particles 
and electrons as well as electromagnetic radiation in the form of 
y-rays. These y-rays, however, are not in any real sense constituents 
of nuclei, but are emitted when a nucleus in an ‘excited state* re¬ 
turns to the normal, in exactly the same way as visible light or 
X-rays are emitted in the return of the peripheral electronic system 
of an atom from a higher energy state to its normal state. The study 
of the a-ray and y-ray spectra indicates that there exists great order 
in the internal structure of the nucleus , in spite of the complexity, 
while the interpretation of the continuous nature of the (3-ray spec¬ 
tra introduces a new particle, the ‘ neutrino *, which, though having 
practically no mass, plays the important role of a discrete carrier ot 
energy. Researches in artificial transmutation of elements establish 
that a-particles, protons, neutrons, positrons and electrons enter 
into the constitution of nuclei in some way or other. There are rea¬ 
sons to believe that the a-particles are stable sub-units built up ot 
four elementary particles. Finally cosmic ray studies demonstrate 
the existence of another fundamental particle, the i meson\ positively 
or negatively charged, which being unstable decays into an electron, 
■positive or negative. Now the problem is to find out which of these 
elementary particles enter into the actual constitution of nuclei in t e 
most compact and complex but orderly fashion. 

Several theories have been proposed which may be called, 
according to the elementary particles selected for the nuc ear 
constitution, the proton-electron , proton-neutron , neutron-positron 
negative proton-neutron theories. Of these, the proton-neutron 
alone has found general acceptance, as possessing a number o 1 
tinct advantages over the others. 

(a) The proton-electron theory* The proton-electron con 
stitution of the nucleus was the first to be proposed and was in vog ^ 
for a time, until the neutron was discovered. Tho conception 
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almost naturally from the following experimentally observed facts : 

( i ) The discovery of the * whole number rule ’ by mass spectrum 
analysis justified the age-long idea that the different nuclei are built up 
from the same simple element , hydrogen (proton). The slight discre¬ 
pancy of tho actual mass of a free proton (1*00813) from the whole 
number was accounted !'or as either due to the arbitrarily chosen 
standard (1/16 of the mass of an atom of oxygen) or due more pro¬ 
bably i.o the * packing effect\ i.e ., according to the laws of nuclear 
reactions, a small amount oi mass disappears when several protons 
are packed together to form a stable nucleus, as will be explained 
when dealing with mass defect . 

(tt) The electrical neutrality of the atom as a whole argued . in its 
turn t that electrons also should enter into the constitution of the nucleus. 
For, except hydrogen, in all other atoms, it was found that the num¬ 
ber of cxtranuclear negative charges fell short, by very much, of the 
supposed number of positive charges in the nucleus. For instance, 
considering the holium atom, since its mass is nearly four times as 
great as that of hydrogen, it may bo legitimately supposed that its 
nucleus is composed of four protons. The fact that 4 free protons 
are slightly heavier than a helium nucleus can be explained by the 
mass defect arising from the packing together of the protons, as stated 
above. CJnder these conditions, the helium nucleus carries four posi¬ 
tive charges. On the other hand, it is experimentally proved with 
certainty that there are only two electrons outside the nucleus. Then 
how to account for the electrical neutrality of the atom as a whole ? 
The discrepancy between the positive and negative charges becomes 
all the more marked as one proceeds to the heavier elements of the 
periodic table. Thus, carbon atom should have 12 protons and hence 
12 positive charges, while it has only 6 peripheral electrons and hence 
only 6 negative charges ; oxygen atom 16 protons but only 8 peri¬ 
pheral electrons. In many elements the number of peripheral elec¬ 
trons amounts only to about half the assumed number of positive 
charges. A natural explanation of this state of affairs would be to 
introduce the negative charges required by the conditions of neutra¬ 
lity of the atom into the nucleus itself, which would balance the 
excess positive charges found there. As the mass of the electron is 
relatively very small, electrons introduced thus into the nucleus 
would not greatly affect the total mass of tho atom, while they would 
enectively render the atom neutral. Thus, in the case of helium, two 
electrons would be found inside tho nucleus to neutralise the two 
excess positive charges ; carbon would have six electrons inside its 
nucleus, oxygen eight and so on. 

(m )\ The p-ray emission by natural radioactive elements seemed to 
confirm the existence of electrons in the nucleus , since the emission of 

shown 1 (C/ 1 SU g 2 ^ aSeS essentially a nuclear process, as already 

1 ho proton-electron theory, which appeared thus to be sound in 

respects. brought, however, in its wake, a number of serious 
ijjicuUtes, some of which may be briefly mentioned here : — 
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(a) Supposing the electron to be a simple spherical charge of 
finite dimensions, it can be shown that the dimensions of the nuclei 
of atoms, chiefly of the heavier ones, are so small that there is no 
possibility of introducing several electrons inside the nucleus. 

((3) The application of wave mechanics complicates matters still 
further. The wavelength of an electron is found to be much larger 
than the nuclear radius, which therefore excludes the possibility of 
keeping the electrons inside the nucleus. 

(Y) There are also other difficulties that are connected with 

nuclear spin, magnetic moment, statistics, etc., which will be pointed 
out later. 


F or these reasons, it appeared almost certain that no electrons can 
exist inside the nucleus . The discovery of the neutron came just in 
time to solve these difficulties by the following radically different 
theory of nuclear constitution :— 


(b) The proton-neutron theory. According to this theory 
which is generally held to-day, nuclei are composed of protons and 
neutrons. Considering the case of helium again, if, instead, of 4 
protons and 2 electrons, there are 2 protons and 2 neutrons inside 
the nucleus, then also the atom as a w hole is neutral even with only 
2 extra-nuclear electrons, w'hile the same mass is retained, since the 


neutron is an electrically neutral particle with nearly the same mass 
as that of the proton. The sum of the masses of 2 free protons and 
2 free neutrons is, of course, somew'hat greater than the mass of the 
helium nucleus ; but this excess is explained, as before, by the mass 
defect occurring when the four particles go to form the helium nuc¬ 
leus. In a similar manner, the carbon nucleus would contain 6 pro¬ 
tons and 6 neutrons, oxygen nucleus 8 protons and 8 neutrons ana 
so forth. In general, representing nuclei by the two important num¬ 
bers that characterise them, viz ., the mass number A which is the 
integer nearest to the actual mass of the nucleus and the atonuc num¬ 
ber Z which gives the total number of positive charges in the nuc¬ 
leus, according to this theory, the total number of protons and neu¬ 
trons is given oy A, the number of protons by Z and the number o 
neutrons by A — Z ; the number of extranuclear electrons in the 


normal neutral atom is evidently Z. 

The $-~ay emission or electron disintegration of radioactive su ^ 
stances , which appeared to give a good experimental support to t ie 
previous theory, is accounted for in this theory, in a v^ry ingenious 
manner, as follows : The electron does not pre-exist in the nucleus u 
is formed just at the instant of emission, caused by the transforma ton J 
a neutron into a proton : n p + e~. The positron emission is 1 . 
wise due to"the converse process, i.e. t when a proton trans orms 
self into a neutron : p n + As protons and neutrons can - 

converted into each other in the nucleus, they are regarae 
alternative states of a single heavy nuclear particle , to which t io 


of nucleon lias been given. 

This theory has the merit of being based on two actua J 
isting fundamental particles, the proton and the neutron, w 
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dexterously removes the difficulties enoo'untered in introducing 
formally electrons in the nucleus as in the previous theory. It has 
the additional advantage of reducing nuclear constitution to a single 
particle, the nucleon, though of complicated characteristics. This 
conclusion is very close to Prout’s old hypothesis. 

Hyperchemical classification of elements. The proton-neutron 
theory leads also to a more refined classification of elements than 
classical physics or chemistry can achieve. In chemistry, a rough 
classification is made by the easily changeable accidental physical 
and chemical properties depending upon the peripheral electronic 
configuration, while here a highly perfected differentiation based on 
the more intrinsic nuclear properties, less prone to changes, is obtain¬ 
ed. Atoms are classified into three different categories as follows :— 

(t) Those that have different mass numbers A, but the same atomic 
number Z, are called isotopes which having the same physical and 
chemical properties cannot be distinguished op separated by the or- 
dinary physical or chemical methods. The isotopes represent ele¬ 
ments in the strictest sense, while the chemical elements that occur 
in nature are mixtures of several isotopes. Since the essential indi¬ 
viduality of an element is determined ultimately by the nucleus, we 
may say that the number of simple elements is very much greater 
than the 92 elements of the periodic table, and should include about 
300 different isotopes that are found in nature (cf. p, 246). The 
factor that distinguishes the different isotopes is the relative number 
of neutrons in them, since Z which gives the number of protons is 
constant, while A, the total number of particles, varies and hence the 
number of neutrons, given by (A — Z), changes from isotope to isotope. 

(tt) Atoms that have the same mass number A , but different atomic 
numbers Z, are called isobars which naturally exhibit different 
chemical and physical properties. Forty-four pairs of isobars are 
known, excluding some ten cases for which one of the two members 
is doubtful. Most of the isobars have even mass number and even 
atomic number, the last differing by two units, while those of odd 
mass numbers and odd atomic numbers differing by one unit are 
r ® re * II * s evident th.at in isobars both the number of protons and 
t e number of neutrons are different. Isobars with even number of 
protons and odd number of neutrons occur rather frequently. 

{Hi) Atoms which , though having the same mass number A and 
t same atomic number Z, are distinguished by certain differences in 
e s t ruc ture of the nucleus , manifested by different decay 

peno s in the case of radioactive nuclei , are called isomers, A number 
Ot such atoms has been brought to light in the course of a careful 
ana ysis ol artificial radioactivity. We have already given an 

account of the experimental study and theoretical explanation of 
nuclear isomerism (cf. pp. 979-84). 

It has been already pointed out that the theory of proton- 
neutron constitution of the nucleus fits in well the theorotical ex- 
pianation of a great number of nuclear phenomena (cf. pp. 829, 944, 

)• Wo shall meet with other cases, whore the essential soundness 
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of this theory is clearly brought out. The real crux of its all-round 
validity rests, however, upon the correct understanding of the nature 
of the intranuclear forces that bind together the uncharged neutrons 
and charged protons into stable nuclei and the experimental verifi¬ 
cation of the proposed type of force. Attempts have been made with 
very promising results to unravel the mysterious nature of the speci¬ 
fically nuclear forces by Heisenberg, Majorana, Yukawa and others. 



(c) The neutron-positron theory, proposed by Jean Perrin, 

states that nuclei are built up with neutrons and positrons alone as 

fundamental elementary particles. 
The idea arose from an attempt to 
solve a difficulty raised against 
the otherwise satisfactory proton - 
neutron theory, viz ., which of the two 
constituent particles, the proton or 
the neutron, is to be considered the 
primordial elementary particle ? If 
the proton were to be favoured with 
such a privilege , in consonance with 
the time-honoured belief, the neu¬ 
tron would be a complex particle 
built up with a proton and an elec¬ 
tron. But, since it is definitely 
proved that the mass of the neutron 
is greater than that of the proton, 
laws of nuclear reaction, which de¬ 
mand that the mass of the resulting 
stable nucleus should be smaller 
than the sum of the individual 
masses of the constituent particles, do not favour such a hypothesis. 
//, on the other hand , the neutron were to be the primordial simple 
particle , as confirmed by the mass of the neutron being greater than 
that of the joroton, then the proton would be a complex particle 
made up of a neutron and a posilron. This might mean that to a 
great extent the Hnertia of matter is not to be linked with electric charges . 

Perrin, choosing tho second alternative as the more 
of the two, argued to the neutron-jJositron constitution as fofows . 
Instead of considering a nucleus of mass number A and omic 
number Z as composed of A protons and (A — Z) electrons as m _ 
pro ton-electron theory, or of Z protons and (A — Z) neutrons as 1 
the proton-neutron theory, it is to be regarded as made up oi w 
trons and Z positrons. In this scheme also? the neutrality o 
atom as a wholo is secured. On account of the Coulombian r6 P u , 
between the positrons, the number of positrons which are uu _ 
with the A neutrons in the nucleus cannot exceed A/2 ; if it e * oe ’ 
the nucleus becomes less stable with positron radioactivity , 1 * 

than also ^he nucleus is unstable but with electron raaioac iv y- 
Although the exact mechanisms of these processes are not e nr j 
known, it may be surmised that in either case the unstable nuc 
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using up its internal energy creates pairs. In the first case, the elec¬ 
trons of the pairs annihilate the excess o positrons in the nucleus, 
while the positrons are expelled. In the second case, t he positrons of 
the pairs are retained to make up for their deficiency in the nucleus, 
while the electrons are emitted. 

The stability of the nucleus composed of neutrons and positrons 
is to be attributed to a special ‘close-range,' property of the neutron, 
viz., a very great mutual attraction between a neutron and a positron 
and a similar repulsion between a neutron and an electron. Since the 
capture of a positron by a neutron to form a proton is accompanied 
by appreciable loss of mass and consequently of potential energy, it 
follows that there should exist, close range, a powerful mutual 
attraction between the neutron and positron. On the other hand, 
since the positron and electron are counterparts, symmetric by na¬ 
ture, it seems reasonable to suppose that there should exist an equal¬ 
ly powerful mutual repulsion between a neutron and an electron at 
close range. Such a conception in no way goes against tho existence 
of the Coulombian force of attraction between the nucleus and the 
planetary electrons at relatively great distances. Considering, for 
instance, a proton, made up of a neutron and a positron, an electron 
will be repel ed by it at close range, this repulsion, by the neutron 
probably annulling itse i against the Coulombian attraction due to 
the positron. Hence, a proton, and, in general, any nucleus , in spite 
of its positive charge, cannot incorporate into itself electrons ; but at 
relatively great distances, where the influence, of the neutron does 
not reach out, it can still attract the electrons and keep them im¬ 
prisoned in the extra-nuclear orbits. 

As regards the stability of the nucleus, it seems necessary to- 
postulate the simultaneous existence of protons and neufrons in the 
nucleus. On the further assumption that a proton is composed of a 
neutron and positron, the neutron devoid of all charge, placed close 
1 > a proton, eagerly solicits the positive charge of the pFoton. When 
the exchange takes place the proton becomes a neutron. Thus the 
interaction between a proton and a neutron at close quarters, through 
the intermediary of the positron, results in the stability of the nuc¬ 
leus, which is not merely static , not a mere huddling together of 
1 he different constituents, but highly dynamic , consisting in the active 
exchange of a positron between the proton and the neutron and there¬ 
by implying discontinuous changes in the energy states of the nucleus. 

This theory is, in a certain sense, the same as the proton-neut¬ 
ron theory, but it tries to go deeper into the ultimate composition of 
the nucleus by supposing that a proton is a complex entity made up 
of a neutron and a positron. It is, however, subject to a number of 
serious objections. Although the electron is excluded from the con¬ 
stitution of the nucleus, the positron is formally introduced into the 
nucleus Considering the symmetrical identity of tho two kinds of 
electrons, both as regards mass and magnitude of charge, except for 
the sign, all the difficulties raised against the proton-electron theory 
seem to be pitted against the neutron-positron theory also. Further- 
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more, the emission of electrons and positrons from radioactive bodies 
is explained .by a somewhat artificial and complex process of creation 
of pairs which is an extranuclear phenomenon as we have seen (Cf. 
p. 1060). It is strange that a specifically nuclear phenomenon, as 

{S-ray and positron emission, should depend on an extranuclear action, 
as pair production. 

For these reasons, authors are not inclined to accept this theory 
and prefer to treat the question which of the two particles, proton or 
neutron, is the simple one, as having no physical meaning. For, 
'elementary particles* are ultimate indivisible building blocks of matter 
in a very limited sense only, since they can change into one another 
practically without restriction, as long as it is compatible with 
the laws of conservation of mass, energy, etc. As a matter of fact, 
transformability is one of the characteristic properties of elementary 
particles. Thus a proton can change into a neutron and a positron, 
or a neutron into a proton and an electron. But, just for this very 
reason, it is meaningless to describe any of them as being composed 
of some of the others : e.g. f a proton composed of a neutron and a 
positron, or a neutron composed of a proton and an electron. Admit¬ 
ting the proton neutron model, the protons and neutrons should be 
considered as two different states of one and the same fundamental 
heavy particle, the nucleon, subject to changes from one to the other 
with the emission or absorption of energy and the consequent libera¬ 
tion of negative or positive charge, i.e., of electron or positron. 

(d) The negative proton-neutron theory, suggested by some 
authors, as Gamow, Klein and Arley, speculates on a nuclear con¬ 
stitution with ordinary neutrons and negative protons. It is based on 
the assumption that there is a certain possibility that negative pro¬ 
tons exist. One general argument is drawn from considerations of 
symmetry. With the discovery of the positron, symmetry has been 
established in the realm of elementary light particles. In a similar 
manner, symmetry among the heavy particles, such as protons and 
neutrons, will be secured if negative protons exist. These would be 
symmetrical to positive protons with respect to neutrons. It can be 
shown that the relation between the negative protons and ordinary 
protons is not, however, quite analogous to that between positrons 
and electrons in Dirac’s theory and that in consequence negative pro¬ 
tons are not to be conceived as ‘Dirac's holes' for ordinary protons. 
These are rather to be regarded merely as independent particles sub¬ 
ject to intertransformation with neutrons involving the emission o 
electrons or positrons, as the case may be. When a neutron trans¬ 
forms itself into a negative proton, a positron will be emi e 
(w + e + ) ; when a negative proton is transformed into a neu - 

ron, an electron is given out (p“ —> n + e'). Hence, a nega ive 
proton, may be conceived to be formed by a neutron and an elec ron. 
Negative protons, like positrons, cannot exist free for long wi in 
ordinary material, since they will be immediately attracted an & - 
sorbed by the nearest positively charged atomic nuclei and most P™* 
bably will be turned into neutrons after entering the nucleus. is 
shows that negative protons may easily escape detection. If the two 
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particles, prooon and negative proton, should originate simultaneous¬ 
ly like positrons and electrons, an energy of* over 4 000 MeV would 
be required to create such a pair. 

Substances formed with nuclei composed of negative protons 
and neutrons will not represent ordinary matter that we know, but 
“inverted matter ” where the atom will bo made up,of negatively charg - 
ed nucleus surrounded by positive electrons, These “inverted” atoms 
will have properties identical with ordinary atoms and there will be 
no way of differentiating the two, unless they are brought together, 
when a terrific explosion will take place, with the mutual neutralisa¬ 
tion of oppositely charged nucleons along with the mutual annihila- 
1 of the positrons and electrons. Gamow thinks that isomeric 
nuclei could be readily constructed on tiie negative proton-neutron 
nuclear model by replacing a pair of neutrons in the jiucleus by two 
protons, one positive and the other negative. Such isomeric nuclei 
would differ naturally as regards binding energy and spin, and if 
they were unstable also in their mode of disintegration. 

Klein has made use of “inverted matter’’ to explain the origin 
of showers in cosmic rays. Klein and Ariey have introduced the 
same idea in dealing with the origin of cosmic rays by nuclear anni¬ 
hilation processes (Cf. pp. 1113 & 1124). 


Evidence for the nega¬ 
tive proton. It should be- pos¬ 
sible to create a negative 
proton by a proton-nucleon 
collision, provided the inci¬ 
dent proton is accelera¬ 
ted to at least 5,600 MeV 
energy. At this energy, the 
production of negative pro¬ 
tons is not expected to be 
very copious and their ab¬ 
undance, relative to other 
particles formed, will pro¬ 
bably be far smaller than 
in many cosmic ray pheno¬ 
mena which have already 
been extensively investiga- 
e d. The problem of the 
conclusive identification of 
the negative proton may be 
a . difficult one for some 
time to come. A direct 

raass and sign measurement 
might be expected to ident- 
lt y lt : However, this would 
require a high precision 
method to distinguish it 



Decay of a a° hyperon into a meson (A) 
and a possible antiproton (D)—E.W. Cowan. 
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from known negative heavy mesons of mass greater than half the pro¬ 
ton mass. Further, any such direct mass and sign determination could, 
in itself, always be attributed to a new type of heavy meson. In a 
cloud chamber photo, obtained by E.W. Cowan in 1954, (see previous 
page) there seems to be evidence for the negative proton, on the as- 
sumption that the inverted V track seen there is caused by the rare 
decay of a neutral hyperon into a 77 + meson and a negative proton. 
From the sense of deflection in the magnetic field, the right-hand limb 
of the fork (marked A) is due to a positive particle ; further from the 
nature of the track, it can be well presumed to have been produced 
by a 7T + meson. The left-hand limb (marked B) is caused by a nega¬ 
tive particle, whose mass, as determined from ionisation density and 
momentum is (1.S50 d: 250) m e . Taking into account the errors of 
measurement, the mass of this particle is nearly equal to that of a 
proton and does not agree with the mass of any negative particle 
that has been so far identified. Hence the track B might have been 
caused by a negative proton. 


There is a characteristic .feature of the negative proton that 
should render its identification more simple. On coming to rest in 
matter, a negative proton should be attracted into the nucleus, of an 
atom and annihilate itself by combining with ordinary proton. This 
process, liberating as fast mesons (or less probably y-rays) twice the 
rest-energy of the incident particle, is, by definition, uniquo to a 
negative proton and should be readily observed. One cosmic ray 
event has been seen in a multi-plate cloud chamber by De Staebler, 
Bridge, Courant and Rossi (1954), which is consistent with this pro¬ 
cess and hard to reconcile with any alternative interpretation. 


Within the past four years, the use of large blocks of nuclear 
emulsions and the combination of magnet and multi-plate clou 
chambers have both greatly increased the amount of information 

that may be obtained from the observation of a single particle. It 

is quite possible that, with the aid of these techniques, conclusive 
evidence for the existence of the negative proton may be found m 
the near future. Moreover, it may become possible to identity 
annihilation product of machine-made negative protons by a counte 
experiment, even if the particle is not detected. In Octo er _ • 

workers at the University of California, Chamberlain, Segre, g 
and Ypsilantis, have announced that they have definitely P 
evidence the existence of negative protons or anti-protons *** 
now known. Bombarding copper with protons of energy o 1 ** , 

thft Barkeley bevatron, they have been able to identify mesons of tbe 
right specification resulting from the combination o p 
anti-protons. 

B. Nuclear Models. In the attempts’ made to interpret 

the special properties of nuclei such as stability, 8 PMb the 

moment, etc., various nuclear models have been propose , an t 

case of the peripheral electronic structure. The more p 
among these models are the following :— 
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_ * , *particle model . Based on the experimental facts that 

a-particles are ejected by nuclei in disintegrations, both natural and 
artificial. \V heeler, Weizsacker and Fano have proposed the alpha- 
particle model, according to which the nucleus contains ^particles, 
at least as substructures, although they cannot maintain their identity 
tor a very long time inside condensed nuclear matter, but will dis¬ 
solve into more elementary particles. 

(2) Liquid drop model, first proposed by Bohr and Kalckar, then 
accep y Heisenberg, Majorana, Wheeler and others, compares the 
nucleus to a liquid drop, tire nucleons corresponding to the molecules 
ot the liquid, due to several points of similarity, such as large inter- 
ac ion ct\\ ecu constituent particles, nearly constant density, surface 
tension chect, etc. This model has been utilised with a certain 
anioun o success in the interpretation. 01 ' intra-nuclear forces and 

ot nuclear transformations and, in particular, nuclear fission as we 

nave seen ( Cf . p. 990). 

(3) Shell model , proposed by Haxel, Mayer, Foenberg, Nordheim 
, a . oth( ; rs » assimilates the nucleus rather to a gas , made of indepen - 

€-9 m i^i small interaction, caused b} 7 their movement in a 
tn ie ( of foice and influencing one another only bv means of 

the rcqmrements of the Pauli principle wliich excludes identical parti- 
• r01 n occupying the same quantum state and thus endows the 
trnn f S "•! a shell-structure, as in the case of extra-nuclear elec- 
f i . model lias been successfully used to explain 

etc n 11UC ear P^ lenomena suc ‘b as stability, spin, magnetic moment, 

to vanous m 0 ( lel9 prove insufficient, if an attempt is made 

to * i, m . on somo solid theoretical foundation or to subject them 
B L.,, u ro ?"J' detailed comparison with experimental data. They 
mMlf . e consid ered as not exclusive of one another, but comple- 

bchaviou'Mjf nu<d *■* unders ^ and * n g of the extremely complicated 

Wr f otcntia, i barrier. Intimately connected with the nuc¬ 
leins | S the electrostatic field of tho positively charged nuc- 

nucl’m.o man y known us the potential barrier. The contents of tho 

ence frnJ* 10 ’. S ° ] Ra - V ’ wa hed in and well defended against interfer- 
Iice irom outside bv this notential barrier nrliiol. „„ 


I 

i 

1 
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the other hand, the negatively charged electrons, surrounding the 
nucleus in different peripheral orbits in anatom, will be kept in their 
proper positions, without flying off at the slightest provocation, by 
the same Coulombian law of forces, thereby endowing the atom as a 
whole with a stable structure. The electrons that are closer to the 
nucleus will experience a greater force of attraction, which explains 
why more work has to be done to remove an electron close to the 
nucleus than another in the extremities. 

Within the critical distance , the simple inverse square law be¬ 
comes less important, giving place to a new and more complicated law 
which is essentially characterised by attractive forces. The existence 
of such a non-Coulombian attractive force is readily inferred from 
natural radioactivity and artificial transmutation. Given that both 
the nucleus and the a-particle are positively charged, one cannot un¬ 
derstand how the a-particles could remain inside the nucleus for any 
appreciable time (an experimental fact) unless attractive forces exist 
between the a-particles and the rest of the nucleus. Artificial dis¬ 
integration experiments, in their turn, show that even positively 
charged particles can be assimilated by the positive nucleus to form 
a new stable nucleus provided the external particles approach close 
enough to the nucleus, i.e. 9 within the critical distance. The same 
attractive force is also implied in the generally accepted proton- 
neutron constitution of the nucleus. For, otherwise, one cannot ex¬ 


plain how the uncharged neutrons and charged protons can unite to¬ 
gether so intimately to form a stable nucleus. 

These peculiarities of tho potential barrier may be represented 
graphically by what is known as the barrier diagram of the nucleus , 

shown in Fig. 328. It is 
drawn by plotting the elec¬ 
trostatic potential V as a 
function of the distance r 
from the centre of the nuc¬ 
leus. It is seen that as 
t diminishes the curve rises 
rather steeply, reaches a 
maximum at a certain dis¬ 
tance /* 0 and then drops 
down sharply. The portion 

AB of the curve represents 
the region where the law of 
inverse squares is effective 
so that the electrostatic 
petential V at any point 
which is at a distance r is 
given by Zelr, where Ze is 
the nuclear charge. The 



Fig« 32$, Barrier diagram of tho nucleus. 


ordinate at any distance r is a measure of the amount of kinet*c en c r- 
gy which a positively charged particle must sacrifice, (t.e., whit 
must be converted into potential energy) in order to come from in¬ 
finity up to r. If the nucleus were to be a mere point without room 
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for parts or structure, the potential barrier will be of infinite height, 
since, when r — 0, V == oo> . In such a case, transmutation of one 
element into another is inconceivable, since nf> actual projectile, 
however powerful, could surmount an infinitely high barrier. 

But, in reality, the nucleus is not a mere point charge, playing 
simply the part of the centre of Coulombian force ; it has finite 
dimensions, however small, and is packed with protons and neutrons 
as constituent particles, as experimental researches have clearly 
proved. Moreover, transmutations, both natural and artificial, have 
been actually observed. These facts are represented by the sharp 
descent of the curve, AC, beyond the critical distance r„, which indi¬ 
cates that ( i ) the height of the barrier cannot be infinite, but has a 
finite value corresponding to the maximum in the curve, (it) there 
exist attractive forces in this region and (Hi) these attractive forces 
become considerable when r becomes smaller than r 0 . At the centre 
ot the nucleus the intensity of the field must be zero and the poten- 
ia ^ roinimura. The shape of the curve rosembles the crater of a 

volcano, a deep pit surrounded % high hills on all sides, which has 

given rise to the name the crater model of the atom . The pit itself is 
known as the nuclear potential well. 

The quantity V 0 corresponding to the maximum point in the 

curve is Known as the height of the potential harrier and the distance 
~° the radius oj the potential harrier or the nuclear radius . These two 
actois are important, the first in the study of transmutation of ele¬ 
ments and the second in the determination of the size of the nucleus. 

* n approximate relation between V 0 and r 0 may be obtained in the 
following simple manner : — 

If Ze be the nuclear charge, the part of the curve which repre- 
sents the Coulombian law may be analytically expressed by V = Zc/r. 
nc u ing the fact that this law is replaced at a certain critical dis- 
ance )y some other law of attractive forces, we modify the rbove 
relation as V = (Z ejr — ajr n ) to a first approximation. 

The expression for the potential therefore contains not 
erm of repulsion ( + Ze/r), but also another of attraction ( 
w ere a is a constant ; r n indicates that the attractive forces 
considerable when r becomes smaller than a certain value 
ot ler words, for distances r < r 0 , the second term becomes all im¬ 
portant and positive particles are attracted by the nuclei, while for 
is anceg r > r 0 , the first term is the important one, a/r n becoming 
negligibly small and positive particles will be repelled by the nucleus. 

Since r 0 corresponds to the maximum value of V = V 0> to get 

an expression connecting V 0 and r 0 , the relation for V is differen- 
waieu and equated to zero : 

dV ( Ze 
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Since in this case r = r ot we may write 



To this value of r corresponds the maximum value V 0 of the 
potential. Hence we may write : 



The value of n is not quite definite ; theory attributes to it a value 
3 < n < 5. The height of the potential barrier V 0 varies from ele¬ 
ment to element, e.g., for gold 10 MeV, aluminium 6 MeV, lithium 
2*8 MeV, etc. , Like wise r 0 also will vary with different nuclei. 


The potential bariier can, therefore, be analytically expressed 
by the relation V — (Z e/r — o/r”) with r 0 = (na / Ze) 1 /*" 1 and 
(Z e/r 0 ) (1 — 1 jn). 


V 0 = 


Study of a-disintegration by natural radioactive substances 
and of artificial transmutation of elements has shown that the poten* 
tial barrier is ** transparent ” to particles whose energy may be far less 
than the height of the barrier. This cannot be understood on the 
basis of classical mechanics which considers material particles as 
simply corpuscular in nature. But the new wave mechanics , which 
attributes to cveiy material particle a wave aspect also, argues to 
the existence of the above-stated transparency of the potential bar¬ 
rier ( Cf , pp. 824 and 863). 


2. SIZE OF NUCLEI 

Rutherford, as a result of his experiments on a-particle scatter¬ 
ing by thin metallic foils, came to the conclusion that the distance of 
closest approach of the a-particle to the nucleus of the scatterer on 
the basis of the law of inverse squares was a measure of the size of 
the nucleus ( Cf . p. 564). Since then, a great deal of information has 
been gathered, of the most diverse character, so that we have now a 
more precise idea of the size of the nucleus. 
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Fig. 329. Variation of nuclear density 

with distance. 


As there are reasons to believe that nuclei are very nearly - 

spherical, we may legitimately think of a nuclear radius. Likewise 
there is evidence for the density 

of nuclear matter remaining ap - 
proximately constant over most 
of the nuclear volume and then 
decreasing rapidly to zero , as 
shown in Fig. 329. Hence, to 
a first approximation, the nuc¬ 
leus may be considered to re¬ 
semble a billiard ball (though 
very much smaller) whose rad¬ 
ius does not evidently include 
the outermost limit of the den¬ 
sity distribution. It has also 
been established that the den- 

ceot forp^ Gar ma ^I' er var * es very little from nucleus to nucleus, ex- 

nTleZ ^ h Ll 6ry hg . te , St nUClei '- This means that the volume of the 

tuent 6 i proportional to the total number of the consti - 

leus is n vrxrx ■- te ' i *° mass number A ; hence the radius of the nuc- 

19 P r °Portional to AUK This fact is expressed by the relation 

R = R 0 A 1/3 x 10 -13 cm. 

ments it ^ c0 ” stant * It has been the purpose of recent experi- 

ri y tbis relation and determine the value oi R 0 . 

8r)cal c ^f?r ri “ en V a ^ measUrement of nuc,ear radii. When we 
small ;h ® s,2 °o f t he nucleus we are dealing with an extremely 

"Teat jnfrpH 0rder ^0 -13 cm. and its measurement implies 

Iteotfidff 1 ^ nd refined tec ^nique. Further, it is not to be ex- 
vield idonf & i methods of measuring the nuclear radius will 
radius nf res V ^ or > one method may measure the average 
radius if ft e 9 uiva ^ en t nucleus of uniform density, another the 
different ivi Unlit of the density distribution. The 

main crpnn 6 °* S ^^ a ^ iave be^n employed can be divided into two 

probe iq « P s » nuclear and electric. In the former, the measuring 
cron or an lg ifc nuclear particle such as a proton, a neutron, a deut- 

cd non-mi ? P ar 10 e „* _ w 10reas ho latter, it is an electrically charg- 

ea A particle, such as an electron or a /*-meson. 

A. NUCLEAR METHODS 

nic 3 uH ^ iS “ teg r at *°“ method * Application of wave mecha- 
«-emittpr . l " te 8 rat, °n leads to an expression for the mean life of the 

°T gy °i th u 6 Cmitted “ the 

the a naJJta f . nucleus - As the mean life and the energy of 

given ?adi^f-^ b ° ® Xperimental,y raeasurcd in the case of any 
S rad | U8 * ‘he nucleus of that clement 

ments bnlnno? f U .^! ied ' n ®°i ear radii thus obtained for cle- 

ween 7 v in-if h©8ame'radioactive series are comprised bet- 

Xl ° and 10 X 10-» cm., in good agreement with the 


I 










1142 


PHYSIOS OF THE ATOM 


order of magnitude of the values given by other methods. It is also 
found that the nuclear radius is proportional to the cube root of the 
atomic weight. The method can be used only for heavy radioactive 
elements whose mass numbers A are greater than 20S and which are 
a-emitters. Further, it is not clear which particular radius, the 
average or of the outermost limit of density distribution, is measured 
in this method. 


(ii) Interaction method. The nuclear radii have been deter* 
rained from observations made on the interaction of light nuclear 
particles such as a-particles, protons and neutrons with the nuclei of 
the elements under study. Of the nuclear particles mentioned above, 
neutrons alone are uncharged. In the interaction between a charged 
nuclear particle and a nucleus, when the two are at a considerable 
distance apart, there is an electrostatic repulsion between them, given 
by Coulomb’s law. But, when the particle gets very close to the 
nucleus, say due to its high speed, it is found that deviations from 
Coulomb’s law set in and finally an effective attractive force comes 
into play, as indicated by the particle being absorbed by the nucleus, 
in spite of their like charges. In the dase of neutron, the interaction 
is evidently nil at large distances, hut, at small distances of the 
order of the nuclear radius, it is ‘specifically nuclear’. We shall now 
consider briefly the researches made on the size of the nucleus, using 
each one of the above*stated nuclear particles. 


(«) a-particle scattering. Rutherford’s simple classical scat - 
iering fonmtla was derived on the assumption that the nucleus of the 
scattercr was so heavy that its motion during the interaction (consi¬ 
dered as a collision) might be neglected. It led to a rough estimate 
of the radius of the nucleus, which was found to be of the order ot 
10 “ 13 cm. (c/. p. 564). 

If the condition assumed by Rutherford is not fulfilled, as is to 
be expected in the scattering caused by light elements, the phenome¬ 
non becomes complicated. Two things might happen :— 

Inverse square scattering. The collisions might take P^ e 
outside the critical distance , where Coulomb’s law alone holds. 
is known as elastic collision which would occur for moderate ve 
ties of the a-particles. In such a case, the scattering will 0 ® ^ 
governed by the law of inverse squares, hence called inverse s( ? li 
scattering, but the final formula will be more complicated, on ^ 

of the fact that, instead of the nucleus at rest throughout the i P ^ 
a coordinate system, where the centre of gravity of the two in. 
ing particles is at rest, must be considered. The general _ 
holding good for all cases of inverse square sc attering is i° un 

Qnt f Zc 2 \ 2 , [cot <p ± -v/coscc 2 y — (w/w'lT 


^ r* ’ Kmv 0 * ) ^ -y/cosec 2 9 — (m/m') 2 ( 

where the + or — sign is to be taken according as w 
w > m' , m and m* being the masses of the a-particle an ie 
respectively* 


. 


r ±21.) 

\WW 0 1 / 


cosec 2 9 
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Considering the nucleus of the light scatterer it cab no longer 
be assumed to remain at rest during impact. It will experience a 
recoil motion which must be taken into account. As the laws of con¬ 
servation of energy and of momentum must be true quite indepen¬ 
dently of the particular laws of force, assuming the nucleus to be at 
rest before the impact, the velocity of recoil of the nucleus can be 
estimated as follows : After collision, if the a-particle of mass m and 
initial velocity v 0 moves with a velocity v in a direction making 
an angle 9 with its initial direction, and the nucleus of mass m', 
initially at rest, is clmsed away with'a velocity v f in a direction mak¬ 
ing an angle 8 with the same initial direction, then we have 

mv 0 = mv cos 9 -j- m'v' cos 8 ) (conservation of 

0 = mv sin 9 — m'v' sin 8 \ momentum) 

and */2 mv Q 2 = 1 jo mv 2 4 - 1 / 2 m'v' 2 (conservation of energy) 

From these relations, v> v' , 8 and 9 can be evaluated. 

In the case of a direct head-on collision , t.e., when 0 = 9 = 0 , 
the velocity of recoil v' of the struck nucleus can be readily obtained. 
Among the cases studied for direct head-on collision of a-particles 
with light nuclei, perhaps the most important is that of hydrogen 
nuclei or protons set in motion by the impact of a-particles, investi¬ 
gated by Rutherford. He found that in the case of such direct col¬ 
lisions the proton acquired a velocity 1*6 times as great as that of the 
a-particle. If it be assumed that the range of the proton in relation 
to its initial velocity bllows the same experimental law as in the case 
of the a-particlc (R ©c u 3 ), it is to be expected that the range of the 
proton set in motion by the head-on collision will be about 4 times 
the range of the a-particle, since 4 is the cube of 1*6 roughly. 

This conclusion has been experimentally verified by Marsden 
and Rutherford. The a-particles emitted by radium were projected 
into a vessel containing hydrogen gas. The nuclei set in motion, 
which were identified as protons by electric and magnetic determi¬ 
nation of e/m t were made to fall on a ZnS screen and scintillations 
were observed even when the screen was at a distance of 90 cms. and 
more. As the a-particle was known to have a range of only 24 cms. 
in hydrogen gas, the observed result proved that the range of the 
recoil proton nuclei was nearly four times that of the a-particles. 

The velocity of recoil of the proton in a direct collision with the 
a-particle having thus been experimentally determined, consideration 

of the electric charges at play showed that the centres of repulsion 

must have approached to within a distance of 1*73 x 10 ~ 13 cm. This 
then, would be the sum of the radii of the two colliding particles. 

Blackett and others have employed the cloud chamber to study 
the same phenomenon of collision of a-particles with different light 
nuclei, such as H, He, C, O, etc., and have obtained beautiful stereo¬ 
scopic photographs, as those shown on pages 351 and 911, which 

enable one to follow the details of the collision process and deduce 
accurate results. 
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, • An°m a lous scattering. // the collision of the a-narticle inH 
Coulomb ! |aw v£lds*toth *** <lis ^nce, where the 

consume ££*,,X™Z^ZV t r? C ‘" y r h “ *T- 

occur Thw W Irnm , L • , n .°™ scattering may be expected to 

occur. I Jus is know n as inelastic collision, where part of the kinetic 

energy is spent in producing transformations in the internal^ Structure 

of the nucleus, so that the law of conservation of cue "y ft.r the col 

l.s.o .1 process will no longer be verified, although the law of con- 

KIT? WiH Sti " beva,id - As a result of such an 
lnelastu. collision the phenomena of anomalous scatterin', of a-particle 

and even of actual transmutation of the struck nucleus lake place. 

whr JS°- a ; COrf ! ing ^ Rutherford’s theory, the critical distance b 
where the interaction between the a-particle and the nucleus begins 

to depart from the Cou- 
Ji| lomb law can be considered 

3j as the approximate radius 

I of the nucleus, the condi- 

I ✓ tion for normal scattering 

gj f ^ is (4Z e 2 jniv 0 -) > b. If this 

I / condition fails, then ano- 

I / malous scattering is to be 

I y expected. Experimentally 

jj— __ / it has been observed that 

j ^^ for the fastest a*particles 

I from natural radioactive 

I elements (velocity 2 x 10 9 

n -Jrr-^- - — crns./scc.) the scattering 


35 


45 


T'ip. 330. Anomalous scattering of 
ot-paitides by light nuclei. 


crns./scc.) the scattering 
is normal for all elements 
heavier than copper 
(Z 29). For these nuc¬ 
lei, the above relation sets 

Thus, for gold, silver and cop- 

t A-!*) _ _^ ^ .A*_K. 


an upper limit for the nuclear radius. Thus, for gold, silver and cop¬ 
per, h was found to be d*2, 2 and 1*2 x 10“ J - cm. respectively. The 
actual nuclear radius in these cases must be evidently smaller. 

.. .. i- .. ..f l _. i . • . . . . ... 


iuuiu.^ in uiwu uuscs musb ue cvKitmtiy sinancr. 

Elements of lower atomic weights show anomalous scattering, 
since tlie angular distribution of the scattered <x*particles in their 
case is found to depart appreciably from that predicted.by the 
Rutherford scattering formula. This departure becomes all the more 
important the lighter the clement that scatters and the faster the 
a-particles, since there is a greater probability that faster particles 
will penetrate deeper into the region where the Coulomb law loses 
its importance in the case of lighter nuclei. 


The most thoroughly investigated cases of anomalous scattering 
of a-particles are with the elements II, Ife, Be, B, C, and AI, all 
lighter than Cu. When the ratio R of the observed scattering to 
normal scattering is plotted against the scattering angle, the curve 
obtained is of the form shown in Fig. 330. It is seen that the ratio 
R approximates to unity for small scattering angles, but as the latter 
is increased, R usually decreases first and then increases reaching 
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very ligh values for large angles. W lien R is plotted against the 
speed of a-particle from data obtained with a given element, it is 
found .that it increases very much with increase of velocity. The 
general aspect of the phenomenon is the same for ail the light ele¬ 
ments investigated. 

Chadwick has examined carefully the case of scattering of 
OL-particles by helium nuclei and has determined with great precision 
the variation of the ratio 
R as a function of the 
angle of scattering and 
of the energy of the 
a-partiele. The curve ob¬ 
tained from these data 
relative to a scattering 
angle of 45° is shown in 
Fig. 331. For low velo¬ 
cities of the a-partides, 
f t.e., when (r 0 /rj 2 has 
large values] the ratio R- 
does not tend asymptoti¬ 
cally to the value 1 as 
would be expected from 
the classical then ry, but 
rather to the value 2 , 
w Inch can bo explained 
only on the basis of wave mechanics. 

Mott, in 102$, worked out the wave mechanical theory of the 
scattering of a-partides and showed that Rutherford’s classical scat¬ 
tering formula remains unchanged 
by the application of wave mecha¬ 
nics in the case of heavy scatter¬ 
ed. T) ic critical distance of the 
classical theory at which the 
Coulomb law fails is represented 
in the wave mechanical theory by 
the beginning of a rapid exponen¬ 
tial decrease of the* wave function. 
According to th£ classical theory 
anomalous scattering should occur 
only for particles of energy higher 
than the top - of the potential 
barrier, while in wave mechanics 
there is considerable probability 
of penetration into the potential 
barrier, and, consequently, of 
anomalous scattering for some¬ 
what lower energies, as confirmed 
by experiment. The particular 



Frol. N.F. Mott 



Fig. 331. Anomalous scattering of 
a-particles in helium at 45°. 
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result obtained for the anomalous scattering of a-particles by helium 
is due to resonance, arising in the collision between two identical 
particles, when the incident a-particle has an energy corresponding 
to a a irtual quantum state of the interacting helium nucleus. 

Investigation of the anomalous scattering of a-partieles b % y the 
different light elements has made it possible for the nuclear radius to 
be evaluated in each case. It is found to increase approximately as 
the cube root of the atomic number Z, In the case of (a — a) scat¬ 
tering, the nuclear radius is found to be 3*5 x 10“ 13 cm. 

The most recent experiments conducted by G.W. Farwell and 
.it,. W agner of the University of Washington on the scattering of 
a-particles of energies varying from 13 to 42 MeV have yielded 1*5 
as the value of R 0 in the expression for R ( Cf . p. 1141). 

(&) The scattering of protons. Very significant results have 
been obtained bv investigating the scattering of protons by protons, 
as regards not only the nuclear radius, but also the nature of the in¬ 
tranuclear force between proton and proton. Mott and Massey, in 
1933, worked out the wave mechanical theory of the scattering of 
protons by protons on the assumption of the Coulombian repulsive 
forces between the two identical particles. 

Experiments conducted, in 1936 by White and by Tuve, Haf- 
stad and Hey den burg by projecting protons in hydrogen gas and 
measuring the intensity of scattering at various angles, as the energy 
of the incident particle was given increasingly large values, led to re¬ 
sults in disagreement with theoretical predictions. White showed 
that the theory w as valid only for energies less than COO KeV. At 
higher energies and for scattering angles greater than 20 °, many 
more particles were scattered than predicted. Tuve and his associa¬ 
tes found that for 900 KeV protons the number scattered at 45° was 
four times greater than that expected from theory. Breit, Condon 
and Present were able to show that the experimental results could be 
reconciled wdth theory only under the assumption that there existed 
an attractive short range nuclear force between the protons at very close 
contact , besides the Coulomb repulsive force. The experimental data 
also shoAved that the interacting particles must have approached to 
a distance less than 5 x 10" 13 cm, which would therefore give the 
sum of the radii of two protons. 

Very recent experiments of D. M. Chase and F. Rohrlich of 
Princeton University on the scattering of 18*6 MeV protons gaA e 
R 0 = 1*42, It is to be noted that experiments using charged particles 
as probes are difficult to interpret, because of the electric interaction 
Avhich is added to the nuclear one. 

(c) Neutron interaction. Of the nuclear methods, the most 
direct is undoubtedly that which employs neutrons. In this method, 
a beam of fast neutrons is directed on a sample of the element under 
study, called the ‘target* Avhich partially scatters and absorbs the 
neutrons, so that the outcoming beam is less intense. The fraction 
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of the incident beam that has been thus removed by the target can 
be experimentally measured. From this, the nuclear radius can be 
estimated as follows : If tho radius of the nucleus is It, each nucleus 
presents to the incident beam an effective area of 7 tR 2 . Supposing 
that the target has N atoms per sq. cm., and tho cross-sectional area 
of incident beam is S, the fraction n of the incident beam that has 
been removed by the target is given by 

n = N S 77 R 2 / S = N 77 R 2 or R = VlTfW^ ... (1) 

This relation will be modified if the wave aspect of the neutron 
is taken into account. For, neutrons which, if they were purely parti¬ 
cles, would miss a nucleus, may be deflected by diffraction, in virtue 
of their wave nature. This means that the effective area which each 
nucleus presents to an incident neutron is much greater than 7 tR 2 . 
It varies in a complicated manner with the energy of the neutron, 
having the lower limit of 2:tR 2 for very large energies and increas¬ 
ing for smaller energies. Hence, in order to obtain a simple inter¬ 
pretation of experimental data, it is necessary to use very fast 
neutrons , of energies greater than 50 MeV. But, at such high ener¬ 
gies, the nuclei are partially transparent to the incident neutrons, 
and this reduces the effective area of the nucleus by an unknown 
amount. It has been found that somewhat lower energies, chiefly 
between 14 and 25 MeV, lead to the most reliable results. Under 
these conditions, relation ( 1 ), corrected for diffraction effects, becomes 

R = Vm/CNtt ... (2) 

where C is a number that depends on the energy of the incident neu¬ 
trons and decreases towards 2 for very large energies. The depen¬ 
dence of C on the energy of the incident neutrons has been evaluated 
by V. F. Weisskopf and H. Feshbach of the Massachusetts Institute 
of Technology. As N is known and n experimentally found, R can be 

estimated. 

We must see now which radius is measured in this method. 
Since the incident neutron will be affected by a nucleus of tho tar¬ 
get if it comes within the range of the nuclear force of any proton 
or neutron, the radius R given by this method should be larger 
than the radius proper by the above-mentioned range of the nuc¬ 
lear force. Hence one should expect the experimental data to con¬ 
form to a law of the type 

R = R 0 A 1 /® -f - b ... (3) 

where 61s the additional range of the nuclear forces, which is rough¬ 
ly equal to 2 x 10" 13 cm. From relation (3), we see that if the ex¬ 
perimentally measured R ( = \/ n j ONtt ) i® plotted against A 1 / 3 , a 

straight line graph will be obtained with an intercept on the R-axis, 
equal to 6, and the slope of the straight line will give R 0 . Thus the 
two constants R 0 and 6 can be obtained from experimental data, i.e. t 

targets of different elements and measuring R in each case. 

* ~y E- R. Graves and H. H. Barschell of the University of 

alifornia, in 1952, have been able to carry out successfully th f * tvne 





1148 


PHYSICS OF TIIE ATOM 


of research and obtain from the graph drawn with .their data the 

values of R 0 as 1*4 4- 0*1 and of b in the whereabouts of 1 x 10' 13 
cm. 


The different nuclear methods yield a value of R 0 about 1 * 5 . 

The uncertainty in the results chiefly arises from the present very 
imperfect knowledge of nuclear forces. The radius measured refers to 
the outennod limitoj the density distribution , since the nuclear forces, 
though very strong, are limited to a very short range (about 
1 x 10 3 cm.) which is only a fraction ot the nuclear radius. 


B. ELECTRIC METHODS 


The common feature of these methods, as ahead } 7 pointed out, 
is that an electrically charged non-nuclear particle is used as the 
probe, which will interact only with the protons, but not with the 
neutrons in the nucleus. These methods, therefore, cannot give all 
the information about nuclear density, but whatever the } 7 can give is 
likely to he more accurate and less equivocal than the nuclear 
methods, since our knowledge of electric forces is much more complete 
than of nuclear ones. The nuclear radius which is measured by all the 
electric methods is the average radius of the equivalent nucleus of uni¬ 
form density . tor, the range of electric forces, unlike that of nuc¬ 
lear forces, is practically infinite and certainly extends to distances 
hundreds of thousands of times as great as the range of nuclear 
forces. In consequence, the effect on the electrically charged non¬ 
nuclear particles, due to all the protons in the nucleus, is an average 
one which leads to an average radius only. We shall now indicate 
the different electric methods actually employed for the estimation of 

Rev 


(a) Scattering of fast electrons by atomic nuclei. This 
method is fundamentally equivalent to looking at the nuclei through 
a microscope. Now, the resolving power of a microscope is limited 
by the wavelength of the light used, i.e. t it is not possible to dis¬ 
tinguish detail which is finer than the wavelength used. Hence the 
only way to obtain wavelengths as short as nuclear dimensions is 
to use very fast or high energy electrons. The wavelength (A) of an 
electron is most conveniently expressed in terms of the so-called 
Compton wavelength (A 0 = 386 x 10“ 13 cm.) ; likewise the total 
energy E of the electron, which comprises the rest-mass energy w 0 c 
and the kinetic energy, is measured in MeV. With these units, it 
can be shown that 

^ / V4E 3 — 1 

From this relation, the following table can be constructed :— 

E (MeV) : 1 20 50 100 200 

A (10' 13 cm.) :— 220 10 4 2 1 

Since the nuclear radii vary from 3 x 10 13 to 8 x 10“ 13 cm., from 


NUCLEAR size 


1149 


mere pS ta 20 m!v S ? ^ 1 ^electrons will show a nucleus as a 
mere point, 20 MeV electrons will detect that a nucleus has a finite 

size and electrons of 100 to 200 MeV will give the detailed structure 

of the charge distribution within the nucleus. R Hofstadter and 

J Un‘S“5cl®?"/ 0 ? 1 F ni '"? ity ’ “<”* by 

. elcrator, and of energies ranging from 84-\IpV tn i^q\t \r 

, ! ! * : : tits vield a value R ft = 1*20 0*05 * it 

been found that a charge distribution curve with a shadow din at fje 
centre fits better the experimental data ; this is to be expected si^e 
electrostatic repulsion between the protons will tend to push each 
other outwards, leaving a lower density of charge at the centre 

simiio^ Mesic atoms - If negative p- and w-mesons which 
300 r m m f ny f es P ects to electrons, except for their being 200 and 

ZionT'Sker.”?- t" C T“ ml by «<V «Kb5S 

thft rn/U*’ rfu • c \ e p tron9 ; but, °n account of thoir treater mass 

■££%£££ fiTm *' Thh "***"*1 ,han th » 

. , (CJ. p. I0.J4). Ihis means that the captured mesr.no 

an orhit V H ry ° !T t0 the nuc,eus ’ 80 that the energy of tie meson in 
wav twi 6 n endS Ve ‘ V sensitlve| y °n the nuclear radius. In the same 

mesic atomemi t 7v t0mS C “, it radiati ° n of ^finite wavelengths a 

radius** Pv ' 4 X ; ra vVS, whose wavelength determines the nuclear 
T Ro-’ ® x P er i , n en ts performed along these lines by V L Fitch and 
0 Jr"*f » f University have given vine, „f r C '' 0 £ 

itselFto J™ ,s ingenious, though it doe. net 

to nrnd -V j Ccurate measurements, since mesic atoms are not 
to produce and are extremely shortdived. 

r: ‘Lr 

iss, bu * ” u e«t h „r,h : h „',rxr 

n?ii; h e s-SSKsfe 1 

tlh.'E?™f b '° d "S“ S - “ oertein favonrsble oises”t 

increase in d,ffer f nce lt > s possible to obtain a measure of the 

trons and hence of the nuclear radius Pfe !. ffVf neu ‘ 
in Gottingen have been ible tn HaH,,/.’ r* nx f' 11 ^ Kopferniann 

isotopic shifts, a value for R 0 close to 1-2 (c/p TWp^ 13 '^ 8 ° f SUch 

wnsist^o/t^elamo odcTnum^r^'particlo'^say 2M 6 71 P 7“ " hich 

pSns a a 8 nd Kit Vch ^1° the other 7 

typical example of which is the pai'/'N^ald 0 ofTf° r , nuclei ’ a 

as fal'CtVe PSZlStV’* ^ ^ **”«£“*£ 

mwror nuclei are identical. But if the llTPLTis 


lend 

easy 
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. repelled electrostatically by the other protons and is therefore much 
less firmly bound to the nucleus than a corresponding last neutron. 
In consequence, the proton-richer of the two mirror nuclei decays in¬ 
to the neutron-richer, the last proton decaying into a neutron with 
the emission of a positron. 

The energy given out in this radioactive decay must be equal 
to the electrostatic potential energy that the last proton had in the 
field of the other protons before the decay. On the assumption that 
the probability of finding this last proton at a particular place in the 
nucleus is the same as that for any other proton in the nucleus, the 
potential energy E of the last proton (equal to the decay energy) can 
be shown to be given by 

E - 6Me 3 / 5R 

where R is the nuclear radius and e electronic charge. The energy E 
can be determined experimentally and hence R can be evaluated. 
Plotting E against A 1 / 3 a straight line will be obtained, from the 
slope of which R 0 can be found. 

The experimental points are found to lie on a straight line very 
accuratel} 7 , but the value of R 0 turns out to be 1*46. As this result 
does not agree w'ith those of other electric methods, the mirror nuclei 
method has been somewhat discredited. But the reason for the dis¬ 
crepancy is at least partly due to the assumption made about the 
chance of finding the last proton at a particular place. This is evi¬ 
dently wrong, since the one proton that decays is the least firmly 
bound of all the protons in the nucleus, while the assumption implies 
that it is just as firmly bound as ail the other protons. If this fact 
is taken into account, the value of R 0 must necessarily have a smaller 
value than 1*46. Recently, D.C. Peaslee of Columbia University has 
made a much more exact and fundamental approach to the causes of 
the discrepancy and has shown that the value R 0 =. 1*2 is at least not 
in conflict with the evidence from mirror nuclei. 

The different electric methods give a value 1*2 for R 0 , with a 
surprisingly good agreement among themselves, eviden f ! y due to the 
correct knowledge we nossess about electric forces. The value of R & 
is less than given by nuclear methods, as is to be expected, since 
the electric methods measure the average radius of the equivalent 
nucleus of uniform density, while the nuclear methods the radius o 
the outer limit of the density distribution. 

Theoretical treatment. An interesting theoretical confirma¬ 
tion of the experimental results has recently (1954) been given y 
M. H. Johnson and E. Te ler of the University of California. 

In a stable nucleus, the protons and neutrons are held in a 
potential energy well in the same v r ay in which we described 0 
a-particle as being held in a radioactive nucleus ( Cf . Fig. 264, p* /: 
Since, however, the nucleus is stable in the present case, the o 
energy of a neutron or a proton in it must be less than the eorres 
ponding energy at infinite separation, only in this way there can 
no tunnelling through the barrier. 
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Fi*R. 332. Potential energy and 
density curves of protons and 
neutrons in the nucleus. 


Since a neutron is unchanged, it is not affected by a nucleus un¬ 
til it comes within the range of the nuclear forces. In consequence 
its potential energy curve is of the 
form shown in Fig. 332 — the * 

lower oi the two curves on the 
top. For protons, an additional 
factor is to be taken into ac¬ 
count, viz., the electrostatic po¬ 
tential energy which is positive at 
all distances. Hence the total 
potential energy curve of the pro- 
t0n will be like the upper of the 
top curves in the figure. 

According to wave mecha¬ 
nics, there are only certain ener¬ 
gies which a particle, held in such 
a well, can have and there can be 
onlv one particle with any given 
energy in the well. If we imagine 
that we are filling up such a well, 
then the first particle goes into the 

lowest energy level, the second into the next and so on. Because of 

the sloping walls of the well, particles of higher energv can spread 

further outwards than those with lower energy. P 

fl n0 ?• Stable nucle “ 3 ’ b .V definition, is not (3-radioactive the 

very nearl^ n ^ th<3 p° S ‘ e " er S et ' c P™*™ in it must have 

Inerav of th, t 1,0r> ° thenvise - the one with greater 

energy of the two will change into the other with the emission of 

nucleus' Th?*® ^ negative> wh j ch is evidently vetoed in a stabJ 

in Sk. proton “ d " eutron “ ■>»*■ 

in a nSeus^S t h « ^ tl . 1CTe are ™° re neutrons than protons 

t: on densttv anH , ' eutron density goes further out than the pro- 
nsjty and (f ) the proton density has a dip in the middle All 

ST ^'“T»« 

*ave nere a slightly different reason for expecting nuclear 
to give a larger radius than electric ones. The nuclear met hods mca! 
j. he outermost limit of the neutron densities. This is important 
because the mere difference between the average radius and t ; 

he on uJ !!“ 0Uter . m0 , 3t , Mmit of the san ’e distribution is imiikvlv to 
he of the order required by experiment. •' tw 

3. NUCLEAR MASS 

proper^ buT iT'if ®* iCt,y ,?T!u th ° mass or wei « ht of the nucleus 

would rather mP «,! ?t? en ° a eC the atomic mass or atomic weight which 
would rather mean the mass or weight of the whole atom Thus, 
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for instance, the mass of an atom of atomic number Z includes be¬ 
sides the weight of the nucleus that of the Z orbital electrons. 

On account of the isotopic constitution of elements, the atomic 
mass considered here is not the same as the atomic weight ordinarily used 
in chemistry. The former is the individual weight of each of the 
isotopes contained in one and the same element, while the latter is 
the mean combining weight of an element as found in nature, to 
which every one of the isotopes in the element makes contribution in 
proportion to its relative abundance (c/. p. 246). 

Measurement of nuclear masses. From what has been 
said above, it follows that to measure accurately nuclear masses one 
should, first of all, separate the different isotopes contained in one 
and the same element and then determine their masses individually. 
This cannot be done by the ordinttr}' chemical methods based on 
physical and chemical properties. But the wonderful high-precision 
instruments known as the mass spectrographs have achieved the task 
to perfection, as described already in detail in chapter III. The 
weight of the individual isotopes thus measured is ordinarily termed 
the atomic mass. To get at the exact nuclear mass from the above 
quantity, one must pay attention to the atomic number of the ele¬ 
ment and to the degree of ionisation. Because, positive rays con¬ 
taining atoms singly or multiply ionised are used in mass spectro¬ 
graphs. If Z be the atomic number of the element and singly ionised 
beam is used, the mass of the (Z — 1) electrons must be deducted 
from the experimentally measured isotopic mass to obtain the actual 
nuclear mass. If doubly ionised beam is used, then the weight of 
(Z — 2) electrons must be subtracted from the atomic mass to get 
the nuclear mass and so on. 

It is to be noted, however, that in ordinary nuclear reactions no 
error is introduced if atomic masses are used instead of nuclear masses, 
since the nuclear charge must always balance up in every such c- 
action which means the number of electrons contained in the atoms 
does not change in any given reaction. The only exception is positron 
radioactivity , where to obtain the correct energy balance of the nuc¬ 
lear reaction, twice the mass of an electron must be deducted from 
the difference of the atomic masses of the original and product 

atoms, due to the special nature of the process. 

Mass defect. As already stated (c/. p. 247), accurate mea¬ 
surement of isotopic masses with mass spectrographs which are cap 
able of reaching a very high degree of precision, correct up to even 
the fifth decimal place, has led to the recognition of a very impor an 
quantity, closely related to the mass of the nucleus and ormnan y 
known as the mass defect. Mass spectrum analysis reveals t le w 
following facts concerning nuclear masses: — 

(i) The mass of every nucleus is approximately an iniegei, " 
gives support to the hypothesis that any' nucleus is constitute _ 
fundamental particles of unit mass ; this when combined W1 _ _ 
additional fact of exactly integral nuclear charge , which is a 
smaller than the nearly integral nuclear mass t argues to the pro ^ 
neutron constitution of the nucleus, since among the cons i u 
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particles of unit mass some should be positively charged (protons) 

while others neutral (neutrons) and both the proton and the neutron 
are nearly of unit mass. 

(") At the same time, however, the masses of the different iso¬ 
topes are not exactly integers, i.e., they depart from the whole number 
rule systematically. The light nuclei have masses slightly higher 
than the nearest integer (e.g., H 1 = 1 00813, He 4 = 4 00408 
U = (. 01614) ; a very large number of medium nuclei have masses 
somewhat lower (e.g., Ne 20 = 19-9988, Cl 35 = 34-983, Mo 93 = 97-944 

, J 56 ' 976 h wh ilethe very heavy ones slightly higher again 

(e.g., Hg 200 = 200-028, Tl 203 = 205 036, U 238 = 238-140). g 
The difference between the measured mass M and the mass 
number A is known as the mass defect : A = M - A. This quan¬ 
tity which is negative for the majority of nuclei, except the very 
light and very heavy ones, is far outside the experimental error 
being for the lightest nuclei about 100 times and for the heaviest 
ones about 10 times the probable error. Furthermore, the departure 
trom the whole number is too systematic to be disregarded.. On the 
other hand, the magnitude of the mass defect is much too small and 

depends much too regularly on the mass number A to justify the 
giving up of the whole number rtile. 

.. . A " ^?- uate . solution °f this difficulty has been proposed on 
i 18 °. f Ebstein’s mass-energy relation. The grouping together of 
the elementary particles (protons and neutrons ) into a stable nucleus in- 
® certavn interchange of energy. This is known as the “binding 
».e., the energy liberated or absorbed when the constituent 

Sr together into a nucleus. In a real sense, we may 

r . n „f. ° f . 0 Phenomenon of nuclear formation as analogous to chemical 
reactions in which energy is released or absorbed. This justifies ex- 

nucIear reactions by equations very much like those used in 
tirm /w reac i ona - Now, according to Einstein’s mass-energy rela- 

mass nTn^+k F Z X W/C2) ’ any enorgy is equivalent to a certain 
Uence * he t binding energy involved in the actual formation of 

available 1 " b k legl *! m ? tel y assumed to be derived from the mass 
c» Fin** h ■ h r fl U,ts in the mass defect - 0n account of the factor 

£ the sum Ve t!^ T*r T™ defect ' In any nuclear formation, a change 
chanee hTt.^ °f “ asses involved implies a proportionate 
a corLmnnJr tota ‘ °^ the rest-energies. If rest-mass disappears, 
rest eiwroW 8 amount of energy must appear in other forms, as the 
partk=les gy er f part,cles ? ewly seated, as the kinetic energy of such 

other hand tlierMt. a ® electroma 8 net ‘° radiation (y-rays). If, on the 

conversin’‘ erest -“ a j* s increases there must be a corresponding 
conversion of energy into rest-mass. * ® 

'Y® have already seen how the mass defect plays a verv imnnr 

transmita^l 6 8tUdy -° f nU ° ,ear reaction3 by the use of equations of 

at thTsamJ ^ nudear reaction (ner W Q> and justifying 

73 . Einsteins mass-energy relation (Cf. pp. 927-8) g 
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The mass defect is very useful also in considerations of the stability 
of nuclei , defining as it does, to a certain extent, the degree of asso¬ 
ciation between the various constituents of a nucleus, as we shall see 
in a later section. 


4. NUCLEAR CHARGE 

Nuclear charge is the total number of positive charges carried 
by a nucleus. If Z be the atomic number of a nucleus and e the ele¬ 
mentary charge, the charge on that nucleus is Zie, since the number 
of positively charged protons in it is Z and e is the same in magni¬ 
tude whether it refers to the electron or the proton. 


From the point of view of atomic physics , the nuclear charge is 
a very important factor, as it determines (t) the number of peripheral 
electrons of an atom in its neutral state, (ii) the energy levels of the 
atom and (Hi) the chemical and physical properties of the atom ; all 
the spectral properties, except for very small corrections such as 
hyperfine structure, isotopic shift of spectral lines, etc., find an ade¬ 
quate explanation in the nuclear charge. 

Measurement of nuclear charge* The nuclear charge has 
been experimentally determined employing two methods, one based 
on the large angle scattering of a-particles and the other on the charac¬ 
teristic X-ray spectrum. The first is an absolute method of historical 
importance, but less accurate than the second. 

( i ) Method of a-particle scattering . Geiger, and Marsden with 
their apparatus designed for the study of large angle scattering of 
a-particles (described on page 563) were able to get at a rough esti¬ 
mate of the nuclear charge of the scatterer. Chadwick, in 1920, made 
more accurate measurements with an improved form of apparatus, 
where the number of observable a-particles scattered through large 

angles was considerably increased by using the scattering foil in the 

shape of an annular ring , subtending a fairly wide cone at the source 
of the a-particles. 


The principle of the method is illustrated in Fig. 333. Let R 

be the source of a-particles and AA', the annular ring of tho scatter* 

ing foil with angular limits 

9^2 and 9 */ 2 , sufficiently 
large, so that it subtends 
a wide cone at R. The 
fluorescent ZnS screen is 
placed at a point. S on 
JS the axis of the cone RAA , 
such that RA = AS = r. 

In such a case, it can 
be shown that the number 
of scattered a* particles 
falling upon unit area of 
the screen per sec. is 
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N = 


Qn£6 2 
64 r 2 


[log 


tan ( 92 / 4 ) — log tan ( 9 J 4 ) 


+ 


cot (<pi/ 2 ) cosec (<pi/ 2 ) — cot ( 9 2 / 2 ) cosec ( 92 / 2 ) J 

where Q is the total number of a-particles emitted per sec. by the 
source, n the number of atoms per c.c. of the scatterer, t the thick¬ 
ness oj the scatterer, b the distance of closest approach of the a-parti- 
cle towards the nucleus in a central impact and r the mean value of 
the listance of S from the annular ring scattering foil. 

With such an arrangement it is found that the number of 
(articles scattered by a suitable foil, even of a heavy element like 
Pt, is considerable, 1/1000 
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Fig. 334. ( 'hadwick’s apparatus for 

measuring the nuclear charge. 


to I /500 of the number 
in the direct beam. 

The apparatus ac¬ 
tually used by Chadwick 
is diagrammatically re¬ 
presented in Fig. 334. 

The diaphragm D serves 
to define the angular 
limits of the a-particles 
starting from the source 
R [a disc 2 or 3 mm. dia¬ 
meter coated on its face 
with Ra (B + C)J and 
striking the scattering foil held on a support A. By suitably dis¬ 
posing D and A, it is secured that no particle is scattered directly to 
the ZnS screen S from the edges of the diaphragm. The direct pencil 
of a-particles passes through holes in the central discs of D and A 
and can be cut off at will by a lead screen L carried by a glass joint 
G. The different parts, except the screen S and the microscope M, 
are arranged inside a chamber which is kept under high vacuum by 
putting it in connection with a vacuum pump at T. 

The accuracy of the measurement of the nuclear charge depends 

chiefly on the total number of a-particles-counted in the experiment. 

If the scattered particles, whose number is considerably increased 

in this design of the apparatus, are falling on the fluorescent screen 

at a convenient rate, say about 30 per min., the number in the 

direct beam will be about 20,000 per min. The counting of so large 

a number is accomplished by rotating in the path of the direct 

pencil a wheel W containing a slit and arranged in front of S. By 

adjusting the ratio of the width of the slit to the circumference of 

the wheel the number of particles falling on the screen can be 

reduced to any desired extent. By this device the total number 

of particles in the direct beam, though great, can be accurately 
measured. © © j 

Experimental procedure and results . Counting the number of 
a-particles(Q) in the direct beam and the number (N) in the scattered 
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beam, it is possible to evaluate b using the above given expres- 

sion. Then, from the relation b = 4 Z %/mv* Z and Ze can be 
calculated. 

Three series of experiments were carried out, in which foils of 
Cu, Ag and Pt were used as scatterers. The results of the measure¬ 
ments gave for Z the following values : 

Cu Ag Pt 

29*3 46*3 77.4 

with an estimated accuracy of 1 to 2%. As the atomic numbers of 
these .elements are 29, 47 and 78 respectively, these experiments afford 
a pretty accurate measurement, of the nuclear charge which is readily 
obtained by multiplying Z by tiie known value of e. 

(ii) X-ray spectrum method . There exists a simple linear rela¬ 
tion between the frequency v of a characteristic X-ray of an element 
and its atomic number Z, usually expressed as v = a (Z — 6) 2 (c/. 
P* 599). Measuring the wavelength A of a given characteristic X-ray 
line for a few elements, if -y/ v = (c/A ) 1 / 2 be plotted against Z, a 

straight line graph is obtained. Next determining the wavelength 
and hence the frequency of the same characteristic X-ray line for the 
element whose nuclear charge is required, its value of Z can be readi¬ 
ly obtained by extrapolation in the above graph. When Z is known, 
Ze is easily found. 

* 

With our present knowledge of the atom, the determination of 
the nuclear charge of any element is quite an easy affair. The order 
of an element in the periodic table gives at once the value of Z for 
that element. All elements corresponding to values of Z from 1 to 
92 have been actually found in nature except 85 and 87. These last * 
two as well as a few transuranic elements with Z from 93 to 102 have 
recently been produced in artificial disintegration experiments. 

5. NUCLEAR QUANTUM STATES 

The study of a- and y-ray spectra and of artificial disintegra¬ 
tions of the resonance type, etc., clearly proves that every nucleus 
possesses a set of quantum states and a corresponding number of 
discrete energy levels. Above these actual quantum states there is 
also an array of virtual states in which the nucleus may exist momen¬ 
tarily (compound nucleus) before disintegrating with the emission of 
particles, y-rays, etc. 

The most important factor about these quantum levels is their 
widths, as already stated (c/. p. 941). The level-widths are a 
measure of the probability of disintegration of the nucleus^ Accord¬ 
ing to quantum mechanics, if for any reason there exists a finite pro¬ 
bability that the nucleus will undergo a transition from one of its 
quantum states to another, then the energy associated with the 
initial state is indefinite to an extent that is proportional to the 
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probability of transition. The indefiniteness AE in the energy E of 
any level has the magnitude hj- r, where h is Planck’s constant and t 
the mean life of the nucleus in that level. The energy level itself is 
commonly considered as possessing a certain width of magnitude A E 
Hence the sharpness of a given level comes into evidence only in pro¬ 
portion to the mean life of that level. Only the normal state of 
lowest energy has zero width. Other states have widths that varv 

greatly according to the types of transitions that the nucleus is cap- 
able of undergoing. F 

For many nuclear states transitions are possible only with the 

<ile< l tro l rri agnetic radiation (y-rays) resulting from the 
e ectric fields of the protons. The mean-life of a nucleus in such a 

" e 'f. ordinarily short, of the order of 10 -12 sec. Even the shortest 

® uch ® tates are > however, long enough to permit a 
^hnition of the nuclear energy that thus appears sufficiently sharp. 

ence, all Y-rays arise from transitions between relatively sharp 

evels so that they form, in practice, monochromatic lines. If the 

1 ° f th j ^ tate ls ’ for some reason or other (say, because the 
state is low and differs considerably in angular momentum from the 

v^ rT:' , stat< ‘ )l long ’ P er haps several days, months and oven 

wh " h “ sy 8ive ri “ w UomerU 

tion thronaWL lear Sta ‘ eS ’ c r hiefl y virtual, are capable of transmuta- 
-Jctron f the + emiSS10n ofa “aterial particle, viz.. a positron, an 
t u. ^’ ?. neu *ron, a proton, or a helium nucleus. In many cases 

10 “ se" T h ° f8UChState r 8 ar ° extreme ly short, of the order of 
rebanled L* ■ energy ?. f such states 18 poorly defined and may be 
produced Tf ry,ng f CCOrdlng t0 the manner in which the state is 

is su bseauenth? T°^f'T • &nd the kinetic ene rgy of the particle^hat 
possible^hat y + L ^ , ? Creases t0 the same degree. It is also 
case the tbat t ^r , virtua states are long-lived sometimes, in which 
e the energy of the initial state is relatively sharply defined. 

levels^aK> ei raidwrt^^ data indicates that for light nuclei, the lower 

energy "crises C hL SpaC6< V • bu l t the a P acing decreases as the 
ly narrow F h y nUclei ’ the s P acin g of level is extreme- 

states^nsfde^ 1 ^ 8 * 1 ° b6 qui ^ e a good analogy between the quantum 

exit between a th er t f level But a fundamental difference 

law of invent gIons - , In the extra-nuclear realm the Coulombian 
other law of th ^ Teigm 8u P reme while inside the nucleus some 
protons and f th^ 7 at * ractlve forces even between the charged 

nature of this specifically nuclear force will be considered below. 
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6. NUCLEAR STATISTICS 

The properties of the nucleus, considered as a quantum-mecha¬ 
nical system composed of many particles, are determined by the 
“statistics” of the constituents. There are two alternatives : Fermi- 
Dirac or Bose-Einstein statistics (c/. ch. IX)* It is impossible to give 
a classical explanation of the significance of the choice of statistics. 
The consequences of this choice manifest themselves only in the 
typical quantum phenomena and they disappear in the classical 
limit. 


Let us consider a system consisting of “equal” or indistinguish¬ 
able particles. From the standpoint of wave mechanics, every 

particle, a proton included, is described by the specification of its 

eigenfunction. Let the eigenfunction of one particle (the first) be 
that of the second of the third and so on ; k t 
represent the states of the particles in question. The state of the 
system as a whole can then be described, to a first approximation, 
(t.e., neglecting mutual action between the individual particles) by a 

wave function given by the product of the proper functions of the 

particle : 


*iim~ = W l > *« (3) -- 

If two particles are interchanged, say 1 and 2, another wave function 


for the system is obtained, 

0 klm * * * “ 

which obviously corresponds 
system, viz. 


0*< 2 > <h (1) . 

to the same value of the energy 


of the 


••• = E* + E; -f- E m + . 

We can obtain other wave functions for the same value ot 
energy taking an arbitrary linear combination of those wave func¬ 
tions which arise from the one first written down by a permutation 
of the individual particles among themselves, t.e., by interchange o 
the arguments 1, 2, 3, of the separate functions. 


Hence, 

$ ktm ... =2 Pi, s... iM*> *« (,) . 

p 

where the summation is to be made over all the P permutations o 
the arguments and the factors pi 2 3... represent arbi rary c 
coefficients 

According to classical statistics, these wave functions 8 1V ? 1 
many different states as there are linearly independent wave 
tions among them. But in new statistics, those <»•«*■ ^ 

arise from one another by mere permutation of particl .*j 

the same state, owing to the indistinguishability of t e p 
Hence the wave function which describes this state canno 
when the particles are interchanged, or at most it can on y 

in its sign, since only quadratic forms such as | <Ar are 0 ^ 

count so far as physical interpretation is concerned. 

Now it is readily seen that the only wave function of the orir 
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specified above, which does not change when the particles are inter¬ 
changed, is the one in which alrthe coefficients are equal to one, i.e. t 
the symmetrical wave function : 


& = 2 <h (1) ^ (2) 

p 


A second possibility, in which the sign of the wave function 
changes , but not | 0 | 2 , is the anti-symmetric wave function : 

<Pa — 2 ± ^»/ 2 > */' CT <3) . 

P 

where the + sign is to be taken for an even permutation of the parti¬ 
cles, the — sign for odd. 

This anti-symmetrical form can be obtained by the expansion 
of the determinant : 


v''„ (3 > 


| ^ (1 > W 3 > 

0o = 0 ; U) 0/«) 0/3) 

I +« (2) 

No other wave functions exist which satisfy 
tinguishability. 


the condition of indis- 


In the case of the anti-symmetric function, there is an addition¬ 
al feature to be noted. According to the theory of determinants, a 
determinant vanishes if two rows, or two columns are the same ; 
hence if two functions 0* and 0, are equal, the wave function of this 
state vanishes, i.e ,, this state does not exist. This is nothing but 
Pauli’s principle, that two electrons cannot be in the same state. 


There are therefore only two possible ways of describing a state 
by a wave function, viz., by a symmetrical or anti-symmetrical 
wave function. If we count the possible states on the basis of their 
wave functions, two ^different statistics and only two, present them¬ 
selves, With symmetrical wave functions (without Pauli’s principle) 
we have the Bose-Einstein statistics ; with anti-symmetrical wave 
functions (with Pauli’s principle) we get the Fermi-Dirac statistics ; 
which of the two statistics we are to use in a particular case, experi¬ 
ment alone can decide. 

Experimental determination of the statistics of nuclei* 

The type of statistics followed by nuclei has been obtained by investi¬ 
gations on the alternating intensities of the rotational band spectra. 
A determination of the positional symmetry characteristics for the 
rotational states allows one to decide the symmetry of those states of 
greater weight and hence whether the nuclei follow the Fermi or 
Bose statistics. The Raman spectra of diatomic molecules offer an 
easy means of achieving this end ( Cf . p. 813). It has been found that 
H 1 , Li 7 , F 19 , Na 23 , P S1 , Cl 35 and K 39 obey the Fermi statistics, where¬ 
as D 1 , He 4 , C 12 , N 14 , O 16 , and S 32 obey the Bose statistics. Although 
the statistics is known only in the case of these few light nuclei, 
there appears the general rule that nuclei of odd mass number follow 
the Fermi statistics , while those of even mass number the Bose statistics. 
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This experimental law is in complete accord with the proton-neut- 
ron constitution of nuclei. From the fundamental relation that exists 
between the type of statistics of a given kind of particles and the 
wave function of a system composed of those particles, it can be 
shown that a system composed of elementary particles , each obeying 
Fermi statistics , follows Bose or Fermi statistics according to whether 
the total number of elementary particles in the system is even or odd. 
The proof of this statement is readily obtained, if one imagines the 
exchange of two systems (nuclei) to take place through the successive 
exchange of pairs of elementary particles. Each time a pair of parti¬ 
cles which obey the Bose statistics is exchanged, the total wave func¬ 
tion remains unchanged ; but each time two particles obeying Fermi 
statistics are exchanged the wave function changes sign. Now, if the 
total number of particles, each obeying Fermi statistics is even- 9 
the total wave function will not change sign and hence the system as 
a whole will obey Bose statistics. On the other hand, if the total 
number of particles obeying the same Fermi statistics is odd, the total 
wave function will change sign and the whole system will follow 
Fermi statistics. 

Considering a nucleus of mass number A and atomic number Z r 
according to the proton-neutron constitution , the total number of parti¬ 
cles in the system (protons and neutrons) is A, while the number of 
protons is Z and the number of neutrons A — Z. Using the experi¬ 
mental fact that the proton obeys Fermi statistics, and the deuteron, 
made up of a proton and a neutron, Bose statistics, one legitimately 
concludes that the neutron also obeys Fermi statistics from the general 
principle stated above, viz., a system made up of two particles, hence 
even number of particles, both following Fermi statistics, will obey 
Bose statistics. Since it is the total number which determines the 
statistics, any nucleus of even mass number A, (i.e., the total number 
of protons and neutrons is even) will obey Bose statistics, while any 
nucleus of odd mass number A will obey Fermi statistics, as actually 
found by experiment. The statistics does not therefore depend on Z 
but only on A. 

On the other hand, according to the proton-electron constitution, 
in the same nucleus of mass number A and atomic number Z, the 
number of protons is A and the number of electrons A — Z ; hence 
the total number of particles in the nucleus is (2A — Z) which will 
be^even or odd according to whether Z is even or odd. As electrons, 
like other elementary particles, obey Fermi statistics, all nuclei wit 
odd Z such as jD 2 , 7 N 14 should obey Fermi statistics irrespective ot 
the mass number A. This is contrary to experimental results an 
hence gives another strong argument in favour of the proton- neutron 
constitution as against the proton-electron theory Incidentally i 
may be said that a neutron cannot be considered as a closely bound 
composite particle made up of a proton and an electr. since such a 
compound particle would have to obey Bose statistics, whereas the 
neutrons are known to obey only Fermi statistics. 
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7. NUCLEAR SPIN AND MAGNETIC MOMENT 

Introduction. Although the nucleus can be assumed to be a 
mere point charge—the centre of the Coulomb field—as far as an 
adequate explanation of the main features of atomic and molecular 
spectra is concerned, yet, as we have seen in the preceding pages, it 
has a finite dimensional structure , consisting of elementary particles 
such as protons and neutrons. Certain experimentally observed 
phenomena in atomic spectra, such as the multiplet fine structure, 
the anomalous Zeeman effect, etc., can be explained satisfactorily 
only on the assumption that the peripheral electrons must be regarded 
um ' as r,J ' r P°h 1 1 charges but as endowed with dimensional structure , 
capable of proper spin motion and in consequence possessing a mag¬ 
netic moment ( cf . pp. 625-6]. These facts naturally suggest a fur¬ 
ther© consideration as to whether the nucleus also, like the peripheral 
electrons, is endowed with a proper spin motion and a consequent 
magnetic moment. There exists ampie evidence for admitting such 
properties of the nucleus, which are of great value in the study of 

nuclear reactions and in the formulation of a theory of nuclear 
structure. 


Evidences for the 
tic moment :— 


existence of nuclear spin and magne- 


(o) Indirect evidence. In general, there are a number of experi¬ 
mentally observed facts, such as the a-ray and y-ray spectra, reson¬ 
ance disintegrations, chiefly with slow neutrons, etc., which show that 
_ © constituent particles inside the nucleus are in incessant motion in 
iscrete quantised orbits, somewhat like the extranuclear electrons, 
ese orbital motions will endow the nuclear particles with mechani- 
ca angular momentum and further the electrically charged particles 
among them will possess magnetic moment. Over and above these 
or ita motions, one may expect the nuclear particles of finite dimen- 
th* n8 ■i| S ^*. n about axes of their own like the spinning electrons and 
. give rise to a proper spin angular momentum and an asso- 

*a e magnetic moment. The nucleus as a whole will, therefore, 
possess an intrinsic angular momentum which is the resultant of the 
roital and spin momenta of the different constituent particles and a 

moment, the resultant of tho moments due to the orbital 
* ,?P ln mo ^ on ® °f at least the individual charged particles. Owing 
_ * e P^® sen ^ imperfect knowledge of the internal structure of the 

mmaiu 8 * if resultant angular momentum mentioned above is 

nuc ^ ear spin and the total resultant magnetic 
tn '* e unclear magnetic moment without referring the two terms 

tronfl n Ua nuc ^ ear particles as in the case of peripheral eloc- 


mental ^ l ^ enc€8 i particular, there exist several experi- 

doubt the fthl Va ^ n8 j eac ^ directly to and establish beyond 

dowed with «rJ e e ” cn ^ ec ^ € dynamic* conception of the nucleus, en¬ 
dowed with spin and magnetic moment. The most important and 
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strikingly convincing among them are : — 

(i) hyperfine structure in atomic spectra , 

(u) alternating intensities in band spectra , 

{Hi) existence of two types of molecules in ordinary hydrogen- 
ortho and para hydrogen . 

Hyperfine structure of spectral lines* The first piece of 
evidence tor the actual existence of definite nuclear spins was obtain¬ 
ed from the observed hyperfine structure of each of the components 
of the multiplet fine structure of lines in atomic spectra. It is now 
some fifty years since Michelson and others have shown, by means of 
the interferometer, that some of the lines of the spectra of a number 
of elements were in reality complex close line groups. Such a com- 
plex structure, revealed only by instruments of very high resolving 
power, was first called “fine structure” but for good reasons was 
later renamed “hyperfine structure”. 


The origin of the complex structure of spectral lines remained 
obscure for a long time, until the multiplet fine structure could be 
explained adequately as being due to the spin of the orbital elec¬ 
trons. When this was done, since no cause for further splitting was 
to be found in the extranuclear electronic structure of the atom, it 
was surmised that the observed hyperfine structure must be a nuc¬ 
lear effect. But it might be due to more than one cause, i.e., more 
than one nuclear property. It might be produced , for instance , by the 
presence of several isotopes in an element . Since the separate isotopes 
of an element have identical peripheral electronic system the spectra 
emitted by each of these are almost the same and the lines of one 
isotope practically coincide with the lines of another. However, m 
some cases, a measurable displacement for certain lines have been 
observed, the displacement being due to the different masses or 
varying electrical properties or even the motion of the nuclei of the 
isotopes. Urfey, Schtiler and others have demonstrated and analysed 
this isotope effect in order to study not only the isotopic constitution 
of elements as an alternative method to the mass spectrograp 
(Cf. pp. 793-4) but also the more important nuclear properties such as 
nuclear volumes ( i.e ., different isotopes have different nuclear vo umes 
and nuclear symmetry (i.e., whether nuclei are spherically s 
or not). 

It was soon found, however, that the isotope effect alone could 
not account for all the observed hyperfine structures, . 

occurred even in the case of elements which consisted^ of on y . 
tope. For instance, bismuth, though having only one isotope, s „ 
clearly marked hyperfine structure. In such cases, one is e e 

elude that the observed hyperfine structure must be due to 
other nuclear property, like the spin, as was first suggested, in ■ ? 

by Pauli. If a mechanical angular momentum or spin of the nu 
were assumed, there would, of course, be an associate .. nn of 

ment, whose interaction with the magnetic field due to tne m 
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the extranuclear electrons could be used to explain the hyperfine 
setting. In other words, the action of the electrons in the field of 
ie nuclear magnetic dipole will cause the different atomic states 
have slightly different energies. Thus arises the hyperfine separation 
ol the levels. That t he interaction is essentially a magnetic one is 
readily seen by comparison oi hyperfine structure groups with ordi¬ 
nary fine structure multiplets, showing similarities. 

As the hyperfine structure can arise due to the two different 
causes stated above, authors prefer to restrict the term hyperfine 



Hyperfine and isotope structures (Grace, More, Mac Millan and White) 

structure to that which is caused by nuclear spin and magnetic mo¬ 
ment, the other type being called isotope effect or isotope structure. 
The hyperfine structure in the two cases is of the same order of 
magnitude—a fraction of a wave number. It is, therefore, not always 
easy to separate the two effects. The hyperfine structure can be 
clearly observed with instruments of high resolution and dispersion, 
such as the Fabry-Perot interferometer or etalon, Lummer-Ghercke 
plate, etc. The photo given above obtained by Grace, More, Mac¬ 
Millan and White with a Fabry-Perot etalon illustrates these remarks 
very well. It is seen that the same pattern is repeated many times 

< ^*^ eren *' orders. The separation in the nuclear spin and isotope 
effects are more or less of the same order of magnitude. The hyper¬ 
fine structure of a line of tantalum has eight components. The iso¬ 
tope structure of a line of tungsten has three components. Tungsten 
has four isotopes of masses, 182, 183, 184 and 186 with relative 
abundances of 22*6, 17*3, 30*1 and 29*8% respectively. The three 
observed components are due to the three isotopes of even mass 
number, the component due to the least abundant 183 isotope being 
supposed to be masked by the others. 

Alternating intensities in band spectra. In the spectra of 
Beveral diatomic molecules, the successive rotational lines of a band 
a ternate in intensity either the lines are alternately strong and 
weak or every other line is missing. The phenomenon may be obser¬ 
ve m an electronic band and more easily in a pure rotational Raman 
spectrum. It appears only in the case of homonuclear diatomic mole¬ 
cules, where the two atoms are identical, such as H 1 , D a , He 4 , C 12 

c c., but not with heteronuclear diatomic mofccules in which the two 
atoms are not identical, like CO, NO, Cl 36 * 3 *, etc. 
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Heisenberg was the first to correctly ascribe this phenomenon 
to a wave mechanical resonance effect oj two identical particles — in the 
present case, the two identical nuclei of the diatomic molecule. From 
theoretical considerations based on wave mechanics, he was able 
to show that if the nuclear spin vanishes alternate lines drop out in 
the bands, whereas if there is a resultant nuclear spin the band lines 
alternate in intensity. In the latter case, he derived a simple but 
important relation between the ratio of the intensities of neighbour¬ 
ing associated lines and the nuclear spin, which enables the magni¬ 
tude of the nuclear spin to be readily estimated. Thus the actually 
observed alternating intensities in band spectra establish beyond 
doubt the existence of nuclear spins, nay more, permit a quantitative 
measurement of their values. 

Ortho and para hydrogen* The existence of two kinds of 
molecules in ordinary hydrogen gas, known as the ortho and para 
hydrogen, gives yet another clear evidence for the presence of nuclear 
spins. The two types of hydrogen were first theoretically predicted 
by Dennison to account for the anomalous behaviour of the specific 
heat of hydrogen at low temperatures. Attempts made to separate 
them by Bonhoeffer and Hartecfc employing catalyzers were success¬ 
ful, so that they could be considered to exist almost independently of 
each other. It has also been possible to convert para into ortho by 
the use of a paramagnetic gas, such as oxygen. Finally the alternat¬ 
ing intensities in the band spectra of hydrogen have been shown to 
be due to the two types. 

All these experimental facts can oe adequately explained if the 
existence of nuclear spin and associated magnetic moment are assum¬ 
ed. The rotational lines exhibit alternating intensities in the ratio 
3:1, which gives the nuclear spin of hydrogen nucleus (proton) as 
1/2. Since every molecule of hydrogen is composed of two protons, 
it is possible that some molecules may have the two proton spins 
parallel, while others have the spins anti-parallel. Using vectorial 
composition, the resultant nuclear spin in the first case, viz., spins 
parallel, is 1, while in the second, viz,, spins anti-parallel, it is 0. 

Assuming that the nucleus on account of its spin I can have 
(21 -f- 1) settings' with respect to the moment of the rest of the sys¬ 
tem, in the first case three different states, + 1, 0, — 1 occur; while 
in the second only one state. * Hence molecules with resultant nuc¬ 
lear spin 1 will be three times more frequent than those with result¬ 
ant nuclear spin 0, which accounts for the observed alternating in¬ 
tensity ratio. The first type in which the nuclear spins are parallel 
(I = 1) are the ortho hydrogen molecules whose rotational states are 
anti-symmetrical, giving rise to the strong lines. The second type in 
which the spins are anti-parallel (I = 0) are the para hydrogen 
molecules whose rotational states are symmetrical , responsible for the 
weak lines. 

Under ordinary conditions, since there are no transitions be¬ 
tween the symmetrical para states and the anti-symmetrical ortho 
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states, the two types exist independently and can be separated. It 
is, however, possible to induce para-ortho transitions by the presence 
of an inhomogeneous magnetic field such as that due to the para¬ 
magnetic oxygen molecule. The rate of conversion has been shown 
to depend on the magnitude of the nuclear magnetic moment and 
this dependence has been actually used to determine the ratio of the 
nuclear magnetic moments of hydrogen and deuterium. As regards 
the specific heat, at ordinary temperatures kT is large compared to 
the distance between the rotational states and any possible weighting 
of these states is irrelevant. But at very low temperatures, this is 
not the case, so that different statistical weightings of the symmetric 
'd anti-symmetric states acquire significance. Since there can be 
no transitions between the two states, the gas has [q be treated 
effectively as a mixture of two gases and the specific hea determined 
accordingly, which explains the anomalous behaviour o the specific 
heat at low temperatures. Furthermore, it is found necessary to 

weight the even and odd states in the ratio 1 : 3 in order to fit the 
specific heat. 

Measurement of spin and magnetic moment of nuclei. 

There are a considerable number o methods which are used to deter¬ 
mine nuclear spins and magnetic moments. For the greater part, the 
methods are best applicable to different cases i.e ., they are largely 

supplementary in scope. We shall here limit ourselves to the follow¬ 
ing important ones :— 

(i) Analysis of the hyperfine structure in atomic spectra. 

(ti) Study of alternating intensities in band spectra. 

(m) Magnetic deflection of molecular and atomic beams. 

(* v ) Study of magnetic resonance radio frequency spectra. 

(v) Analysis of microwave spectra. 


(t) ANALYSIS OF THE HYPERFINE STRUCTURE IN 

ATOMIC SPECTRA 

Theoretical considerations. The general principle used in 

the analysis of the hyperfine structure is the suggestion made by 

Pauli, viz., the hyperfine levels are due to the interaction of the 

nuclear and electronic magnetic moments. This interaction can be 

studied in the usual imperfect but simple way of the vector model of 
the quantum theory. 


Let J represent the angular momentum vector of the verivheral 

electron system of an atom, so that J.(A/2 n) gives theCsultant 

mechanical momentum due to the orbital and spin motions of the 
electrons. 


a \f lmllar quantity for the nucleus of the atom 
so that I (A/27 t) gives the resultant mechanical momentum of the 

nucleus due to orbital and spin motions of its constituent particles 
Heiice I, according to our definition, represents the nuclear spin, in 
quantum units, and may be an integer or half-integer like J. 
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Assuming that I and J combine vectorially the resultant vector 
may be represented by F = I + J ; F is called the hyper fine quan- 
turn number and F.(A/27i) gives the total angular momentum of the 
atom, taking into account the nuclear spin also. Since each of the 

members can be an integer or half integer, F is also an integer or 
half integer. 6 

According to the usual rules of addition of Quantum vectors 
the number of states which F can assume for given values of X and T 
is (21 + 1) if I is less than J, or (2J + 1 ) if I is greater than J. 

Now, if all these suppositions are correct, we may expect to find 
for each value of J not a single state, but a whole cluster of states 
If out of the manifold term system of an atom we select states for 
which J — 1 / 2 , 3/2 and so on, we may expect, on close scrutiny, to 
find that these apparent individual states are actually clusters, each 
cluster comprising a number of sublevels, which for one or two or 
more of the lowest values of J may be equal to (2J 4 . 1 ), since in 
these cases I > J, but for higher values of J reaches a limiting cons¬ 
tant value equal to (21 + 1 ). Thus arise the hyperfine levels of the 

st&tcSt 


Since many terms split up in this manner, what is treated as a 
single line transition between two terms when the nuclear spin is not 
included, now becomes a hyperfine multiplet. General considerations 
confirmed by experimental observations show that the selection rule 
which operates here &F = ± 1 or 0 (0 0 being excluded). 

Considering the familiar example of the principal series of sodium 
this appears in an ordinary spectroscope as a series of single 
lines each of which is resolved by a good spectroscope into a “ doublet ” 
fine structure , which indicates that the P states of sodium are close 
pairs and thus requires the introduction of spinning electron. With 
an extremely good spectroscope each member of th^e doublet is, in 
turn, resolved into a pair of hyperfine structure , which therefore de¬ 
mands the introduction of nuclear spin. It may be noted that while 
the fine structure of the principal series lines of sodium implies a 
splitting of P states only, the hyperfine structure involves something 
more complex ; it is due jointly to the hyperfine splitting of both the 
P state and the normal S state, the latter being predominant. 

A small magnetic moment is always associated with the nuclear 
spin which by analogy with the electronic magnetic moment may be 
assumed to be given by 



m 

47tM c 



where E is tho nuclear charge, h Planck's constant, M the mass of 
the nucleus and F the hyperfine quantum number. 

Supposing that F is of the same order of magnitude as the 
quantum number L, S or J referring to the electronic system, since 
M of even the lightest nucleus (hydrogen) is 1,840 times greater than 
the mass of the electron, will be very small compared to the Bohr 
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magneton, the unit used in the case of the electronic system. The 
interaction of this small nuclear magnetic moment with the electro- 
nic magnetic moment causes the different states to have slightly 
different energies and thus gives rise to the hyperfine structure. 

The interaction energy W between the two vectors I and J, in 

the case of the simple one-electron system, can be shown to be given 
by the expression 

W ~ AIJ cos (IJ) 

which can be further reduced to the form 


W 


-x| p < r 


+1) — j (j +1) - i (i + 


/W' A , 18 th ? Mtor. The second relation is known as the 

Lande interval rule, from which the ratio of the intervals in a hyper- 

fine multiplet can be calculated. The first relation shows that the 

aJwU hZ, betW T 1 and J ” proportional to the cosine of the 

angle between them. These are identical with the formulae referring 

to the electronic system, J, L and S being replaced by F, J and I. g 

Birat T it° ^° r t, Cti0n ene fP is , dependent upon several factors. 

nucleus as distil f * V °\ th ° v f; ue . 8 °. f the ma g ne tio moment of the 
nucleus as distinct from its mechanical momentum, for it is nrimarilv 

Sirxfii,. • s , th ‘ i ,' <, “ pie ' s “° ndi ^ * h » sets 

tonisathfn th interaction energy, since the higher the degree of 

lear electro^™™* 1 *? * 8 *r ® C0Upl . m S ener «y between the extranuc- 
&nr electron momentum J and the nuclear spin I. Thirdly the 

W Tf b S ° f ? Pti “' S 

nenetraHnn «f d ' + k If the very ecoent;ric . a high degree of 

approaches close to the* 181 " 'i ° S ta ^ es P[ ace ar *d the optical electron 
attona Th! !! r h nUC ' eus so , that the cou Pbng becomes very 

8»atfp “• ta *—“>• »«* 

is a Jr^Z/T ° f the T tUal ma 9 nitude of the hyperfine separation 

r S ‘ b6 tak L en into consideration. Only 

It is well known that perturbations between states ate" ery prevalent 
in atomic spectra, which become frequently very laree when 

rutTnTiT are 01086 to g«ther. Deviations fr7m tKniUnterval 

that the form^fthe^nte^aet^ 0 V** 88 have ^ een found, which means 
deviatioimbeing attribid^te^ th^* 1 8llghtly “od^d, the 

quadrupole moment of th?nucleus In snul^th 6 “ Ce ° f dectric 

JS"S." p r , i o ” b-C£ 1 r,'f“” p i:»£“- 

6l '°‘ to ” br Breit ' wau - sste; 

it is frequently the case thTf 7 ^hanone electron. However, 

, the separation for a given .state can be obtained from 
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the formulae worked out. When once the hyperfine separation is 

determined, it is possible to evaluate from it the nuclear magnetic 
moment. 

Note. Nuclear electric quadrupole moments. While the 

magnetic moment of a nucleus is determined by the distribution of 
electric currents within the nucleus, the electric moment of a nucleus 
arises from the distribution of its electric charge. Quantum mecha*> 
nical consideration of the distribution of nuclear charge shows that 
nuclei do not have permanent electric dipole moments , but can have 
electric quadrupole moments when their electric charges are not 
spherically symmetric, which is usually the case if the spin I is not 
zero or half, i.e. t if I is equal to or larger than one. The quadrupole 
moment (represented by the symbol Q) which is, therefore, a measure 
of the deviation of the nuclear charge from spherical symmetry, can 
be expressed, in terms of the nuclear dimensions, by the relations : 

Q = ~ f P r* (3 cos* 6 — 1) tfx = Z (32* - r*)A v ...(1) 

where e is the fundamental charge, p the nuclear charge density* 
r the distance from the centre of gravity of the charge to the element 
of volume dx and 9 the angle between r and the spin axis z. In the 
last expression, Z represents the atomic number and the average 
(A v ) is taken over the nuclear state with m = I); m is the magnetic 

quantum number, specifying the orientation of I with respect to the 
z-axis. 

It can be proved that a prolate charge distribution with its 
axis parallel to the z-axis gives rise to positive quadrupole moment, 
while an oblate distribution to a negative quadrupole moment. 
Hence a positive value for Q indicates that the nucleus is a pro¬ 
late spheroid, elongated along the spin axis, while a negative Q 
means that the nucleus is an oblate spheroid, flattened along the spin 
axis. 

If the nucleus is assumed to be an ellipsoid of revolution with 
semi-axes c parallel to z and a perpendicular to z, and of uniform 
charge density, it will produce a quadrupole moment given by 

Q = ~ Z (c 2 — a 2 ) = A. Z (c + a ) 2 e 

where e is the eccentricity — (c — a)/(c + a). If R is the nuclear 
radius which is approximately equal to (c + a)/2 when e *< 

Q = — Z R* e - ( 2 ) 

5 

From the observed quadrupole moments, the eccentricities for 
a number of nuclei have been computed using the above relation and 
putting R = 1*5 A 1 / 3 x 10~ 13 cm. They range from — 0*024 for 
d 35 to + 0*15 for Hu 176 , which makes one realise more easily the 
degree of variation from spherical symmetry than the observed Q 
values do. Obviously, when e is positive the nucleus is prolate and 




HYPERFINE STRUCTURE 


1169 


when e is negative the nucleus is oblate. The value of Q calculated 
irom relation (I) refers to a bare nucleus in a definite quantum state, 
usually the ground state, and is given in square centimetres. 

. vva ^ in which a nuclear quadrupole moment manifests it¬ 
self is through the fact that its energy in an external electric field 
depends not only on its position, but also on its orientation with res¬ 
pect to the gradient of the field. In an atom, this field arises from 
tiie electronic charge distribution. In a molecule the field arises 
from the other nuclei as well as from the electrons. Casimir, in 1936, 
developed the basic theory of the interaction of nuclear quadrupole 
moments with extranuclear electrons. This theory has since then 
" • n extended to molecules by different workers in the field. 

Schuler and Schmidt were able to detect, in 1935, nuclear 
quadrupole effects in the optical spectra of atoms. Rabi and his as- 
sociates, in 1940, measured the quadrupole moment of deuteron with 
the molecular beam magnetic resonance technique. With the advent 
ol the microwave spectroscopy, in 1946, the quadrupole moments of 
several nuclei have been measured with great precision. We shall 
; -a,k of these methods of determining the values of Q below. 

Quadrupole moments ha^e been found to be related to nuclear 
s e structure and to nuclear magnetic moments, although exact 

iorms ot these relations are not yet available due to want of sufficient 
and exact experimental data. 

f _ r _ ® x P^ rin * ental study. Although the greatest amount of in- 
a, ion has been obtained from the direct study of the hyperfine 
structure of spectral lines, yet this method is beset with very many 
I ractical difficulties arising mainly from the complexity of the patterns 
ne smallness of separations. It is extremelv difficult to Tnpn«nrA nr 




(a) Counting the number of hyperfine components. We 

l een the number of hyperfine levels into which an atomic state 


case considered refers to I < J 

74 
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Theoretically, this is an ideal method. One has simply to in 
vestigate the hyperfine line patterns connecting states of as manvdif 
ferent values of J as there are. Then applying the selection rules 
AF = ± 1 or 0, the number N of hyperfine components for each 
state can be derived. Next it is checked that N is equal to <2J + j) 
whenever J is less than or equal to some particular value J say^ 
and that N is equal to {2J m + 1) where J is equal to or greater"than 
J m . All this having been verified the value of I must be J 

In practice , one seldom finds such a neat programme as this 
worked out fully. The difficulties are : (t) a lot of work is involved 
to analyse the hyperfine structure of even one line, let alone a great 
number ; (it) lines connected with states of certain J values, °high 
ones especially, may not bo observed. In many cases, however, the 
experimental resolution is great enough to compute the number of 
components, chiefly in patterns known as the “flag type ”, where the 

separations decrease uniformly across the pattern. This type arises 

from the fact that the hyperfine level of one state are very close 
while they are considerably larger for the other state, so that the 
resulting pattern will show chiefly the larger separations alone. On 
account of the interval rule, such a pattern has the characteristic flag 
appearance. 

This method is practically concentrated on such flag patterns. 

It is useless for cases where I is greater than J, so that it can be 
used only for the determination of nuclear spin of small value. 

(b) Measuring the relative separations of the members 
of a state cluster. Here the relation for the interaction energy W 
is used. Although all the states of the hyperfine structure group 
have the same values of J and J, the orientations of I and J will be 
different leading to different values of W, which results in the separa¬ 
tion of the members of a state cluster. Theoretical considerations 
show that the juecessivc energy differences stand to one another as 
the successive members of a chain of integers or half integers stepped 
off at unit interval as 


A'V» : AW,., : AW„_, :: (I + J): (1 + J — lj: (I + J — 2) 

This is the interval rule based on the validity of the cosine Jaw. If 
verified, it enables one to determine the F ( — I + J) value for a 
single cluster with a single value of J. Thus knowing F and J, the 
nuclear spin I can be evaluated. 


It is frequently the case in simple spectra of one-electron type 
that no state of sufficiently large J can be found, which has any 
appreciable hyperfine pattern. In such a case, this method can be 
used, even when I is greater than J, unlike the preceding method. 
Evidently it cannot be used where the cosine law of interaction fails, 
since the interval rule relies absolutely on the validity of this In 
view of deviations from this law which have been found, probably 
due to the presence of an electric quadrupole moment in the nucleus, 
the method can be considered as safe only for those w'hich wouk 
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show no quadrupole effects, such as states involving only s electrons. 

Much use has been made, however, of this method'in practice 
and there are a few cases, in which a fairly accurate measurement of 
a ohain of intervals has shown that it verifies the interval rule. 

It is possible to euafcofe the nuclear magnetic moment in this 
method from the measured energy di Terences between the successive 
members of a state cluster. But the theory is very complicated 
and requires a quantum mechanical treatment ; even so a lot of 
approximations have to be made. We may, however, illustrate the 
theory by a quasi-classical derivation as follows :_ 

One first visualises the valency electron as a charged particle 
revolving round its quantised orbit, equivalent therefore to a steady 
current running along the orbit, and producing a magnetic field at 
all points within the orbit and in particular at the point occupied by 
the nucleus. The nuclear magnetic moment is subjected to this field 
and when it is shifted from one to another of its permitted orienta 

tions a certain amount of work must be done and this constitutes 
the energy difference in question. 

If the radius of the orbit be r, n the orbital frequency e and m 

the charge and mass of the electron respectively, the angular 
momentum p t is given by ® 

Pi = Ioj = mr 2 a> = mr % (2nn) 

According to the quantum theory, 

Pr = l . ( h/2n ) 

Pi —. mr 2 . (2tt n) = l . (hl2n) 

The strength of the orbital current == ?ie (e. s. u.) 

= ne/c {e. m. u.) 

Substituting lor n from ( 1 ), viz., n = p,j{2rrmr 2 ) 

the strength of the current — p t , e / 2nmr 2 c 

non+ S - n o 6 the ma f netic fiel<1 Produced by a circular current * at the 
centre is 2jt i j r. the magnetic field due to the equivalent current of 

giverTby Vln§ e eCtr ° n at the centre . where the nucleus is situated, is 

(27t/r) . (p, . e!2irmrH) = p, . ejmr 3 c = (e/mr 3 c) . I. (h/2n) ... (2) 

J?k°!i 1 1j g J riore the 8pin of the electr on, l could be replaced by J 
and the field due to the revolving electron at the nucleus ^ ’ 

= (ejmc) . r - 3 . J . (h/2n) 

naraIlS 0 t^ C ?j Ving ‘J 16 nucleua a9 T havin g a magnetic moment p N , 
? ! an 8 ul 8 [ mo 7 ‘ u ">. I • W 2 >r), where I is the nuclear 

t V q , ua “ tum number, t h e energy W of the nuclear magnet placed 
in the uniform field of the revolving electron is given by 

_ W = {ejmc) (r* 3 ) . J (A/2w) cos (IJ) ... 131 

Remembering that the different members of a state cluster have the 
same values for I and J, but different orientations permitted between 


(1) 
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I and J, the above expression will give the energy values of the 
different members. The only variable quantity in relation (3) is 
cos (IJ). Hence the differences between the right-hand members of 
the above equation can be equated to the observed energy differences 
between the states of the cluster and solved for 

It is to be noted that this formula when applied to data gives 
values of mn of the same order of magnitude as does the more elabo¬ 
rate quantum mechanical formula. 


Though difficult and defective, this method has been used to 
determine the nuclear magnetic moment in most cases before the 
advent of the magnetic deflection methods* 

(c) Measuring the relative intensities of the components 
of the hyperfine pattern. The relative intensities of the members 
of a hyperfine pattern have been shown to obey the same laws 
which hold for the fine structure multiplet in Russell Saunders 
coupling (cf, p. 633), when the quantum members, L, S. J, are re¬ 
placed by J, I, F, respectively. With J known for both the initial 
and final states it is possible, from an accurate knowledge of the 
relative intensities, to deduce I since the F value can be written in 
terms of I and J. But the formulae are of appalling complexity, 
while intensity measurements are generally liable to error. Hence 
this method is probably the least reliable , although useful, when the 
spin cannot be directly determined from the number of hyperfine 
components as in the first method. 


(d) Counting the number of hyperfine components in 
Zeeman effect. This method readily lends itself to a direct deter - 
mination of the nuclear spin. 

The theory is simple in the case where the external field is 
strong. For, the interaction of I and J with the applied field is much 
greater than with one another, z.e., the coupling between I and J is 
broken and, in consequence, each has its quantised projection on the 
external field H and not their resultant F. 


Considering the extranuclear electron system alone, the Zeeman 
effect may be represented by the relation 

W = -r—“ . H . to . o 


4:7tmc 


*4 • 


... (1) 


where W is the energy change of the atomic states due to Zeeman 
effect, mj the component of J along H and g the Lande splitting 
factor for the electron system (Cf. p. 681). 

Now, due to the presence of nuclear spin, the above relation 
will be modified as 


W = 4^ • H | to,- g + to,- g { j ... — ( 2 ) 

where the second term refers to the action of the external field on 
the nucleus, m i being the projection of I along H and g t - the Landes 
factor for nuclear motion. 
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Since he ratio m/M. enters in the estimation o g h this latter 
■ **' n T small compared to g f so that the second term in eqn. (2 
is negligibly small. Hence, to a first approximation, the Zeeman 
effect is the same with a nuclear spin as without. 

If, however, we include the interaction of the nuclear magnetic 
moment witli the extranuclear electronic magnetic moment, relation 
(2) will be still further modified as 

eh 


W = 4t rmc H ) m > 9 + m i 9i { + AIJ cos (IJ) 


•• ( 3 ) 


wJiere the last term represents the above-mentioned interaction. 

For a strong field , due to the “decoupling’' of I and J, the 
expression IJ cos (IJ) becomes I cos i LH) x. J cos (JH) = m { : . 
Already we have seen that m i g i is negligibly small, i [ence, in such 
a case, the expression for the energy change is 

eh 


W = 


47TWC 


. H. rrij. g + A m - . m,- 


* « * 


... (4) 


Here the first term is the Zeeman effect, and so with every Zeeman 
level there will be a hyperfine structure determined by A m i . m,-. 

Now m i can assume all the (21 + 1) values from — I... to + I. 
Thus every Zeeman level will be split into ( 21 + 1) equidistant levels 
with a separation of A; and since w, does not change during a 
transition, each of the (21 + 1) levels of one Zeeman state combines 
with only one of the (21 + 1), levels of another. Zeeman state. 

Thus the Zeeman lines themselves have a very simple pattern, 
while each Zeeman line is split into a hyperfine structure of (21 + 1) 
equidistant lines which can be observed with a good spectroscope. 
Counting therefore the number of hyperfine components of each 
Zeeman line and equating it to (21 + 1) , 1 is readily obtained. 

In practice , the usual field strengths which are employed in 
Zeeman effect fulfil the condition under which eqn. (4) becomes valid. 
The strength of the field must be’such that 
the ordinary Zeeman effect separation is 
large compared to the hyperfine separation. 

A great number of nuclear spins have 
een measured in this way and Back’s 
ana ysis of the hyperfine structure of four 
eeman lines A — 4722 of Bi is ordinarily 
cited as a typical example. In this case, 

^ac ine is split into ten components, which 
gives the nuclear spin for Bi as 9/2. There 

i;* ^agnificent photographs of the spectral 
lies of bismuth exposed to a magnetic field, 

line under high resolution exhibiting 
^ components. One such photograph ob- 
^aine by Back and Goudsmit is reproduced 
re, whore the components can be easily counted. 



Hyperfine structure in 
Zeeman effect 
(Back and Goudsinit) 
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(tt) METHOD OF ALTERNATING INTENSITIES IN BAND SPECTRA 

The wave mechanical theory of this method may be briefly stated 
as follows* For a diatomic molecule whose two nuclei are identical, 
two possibilities exist, viz., the wave functions may be symmetric or 
anti-symmetric in their nuclear spins. Since each of these two possi¬ 
bilities may be realised in several ways, in general, different statistical 
weights must be assigned to the molecular types. [The statistical 
weight refers to the splitting of energy levels caused by “inner” or 
“outer” precession due to magnetic or electric interaction. For 
example, in the Stark effect, if a single level is split into five 
sublevels under the influence of an applied electric field, the statis¬ 
tical weight of the original level is five. In general, to an energy 
level defined by the quantum number n , the statistical weight 
g = (2 n + 1) must be attributed]. If there were no nuclear spin, the 
statistical weight of any rotational level for which the total angular 
momentum is J would be (2J + 1). But the presence of nuclear spin 
changes the statistical weights of the levels to different extent in the 
symmetric and anti-symmetric cases. Supposing that the changed 
statistical weight of the levels in the symmetric case to be g s (2J + 1) 
and that in the anti-symmetric case to be g a (2J -f- 1) where g s and 
g a are the respective weight factors, theoretical considerations show 
that g 0 I g s — (I 4- 1 )/X when the nuclei obey Fermi statistics, while 
9s I 9a = (I + I)/I for nuclei obeying Bose statistics. In the first 
case g 0 > g s , while in the second g s > g a . 

Now those levels which have the greater weight factor are 
called strong levels , while those having a smaller weight factor weak. 
Hence, for nuclei obeying Fermi statistics those states whose eigen¬ 
functions are anti-symmetrical are strong levels, while those whose 
eigenfunctions are symmetrical weak. For nuclei obeying Bose 
statistics the opposite is the case. 

Transitions can take place between strong levels or between 
weak levels, blit not between a strong and a weak level. This gives 
rise to the alternative strong and .weak lines actually observed. Thus 
the intensities of successive lines depend on the weight factors, so 
that the ratio of the intensities must be equal to the ratio of the 
weight factors. Hence the ratio of the intensities of the successive 
lines is equal to (I + 1)/I. 

In the particular case where g a or g s is zero, i.e., where the 
symmetrical or anti-symmetrical wave function is not present, then 
obviously 1 = 0, and the alternate rotational lines will be completely 

missing. 

Tp the case of keteronuclear molecules, the nuclear spin values 
will* be different for the two nuclei and consequently resonance 
phenomenon cannot take place, so that no alternating intensities can 
be had in their band spectra. 

In the practical determination of nuclear spin by this metho , 
the intensities of the successive rotational lines in the band spec r 
of homonuclear diatomic molecules, preferably * in the Raman enec , 
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are measured as accurately as possible. The ratio of the alternating 
intensities is equated to (l + 1 )/I and solved for I. If the alternate 
lines are missing, 1 = 0. 

In this way, the nuclear spin o several isotopes, e.g. t H 1 , D 2 , 
He 4 . Li 7 , C 12 , N 11 , \ F 19 , Na 23 , P 31 and S 32 have been measured. 

The chief advantage of this method over that of hyperfine structure 
is that nuclear spin can be determined even when its value is zero, 
while the hyperfine structure methods are unable to distinguish 
between zero magnetic moment and zero spin. On the other hand, 
the band spectra method gives no information about the nuclear 
magnetic moment. Furthermore, on account of the practical diffi¬ 
culty encountered in the accurate measurement of the intensity of 
the lines, it can be applied satisfactorily only when the spin value is 
small, as in the case of light elements. 

(iii) MAGNETIC DEFLECTION OF MOLECULAR AND ATOMIC BEAMS 

Several methods based on the magnetic deflection of mole¬ 
cular beams, in which the magnetic moment of the nucleus is directly 
determined , have been developed. The}' involve, in general, refined 
techniques of the Stern-Gerlach method (c/. p. 712), in which all possible 
and more powerful competitors to the nuclear moments are 
removed. 

The first experiments of this character were performed by 
Stern and Frisch, in 1934, and the magnetic moments of proton and 
deuteron were determined by deflecting molecular beams in non* 
homogeneous magnetic fields. The values of the magnetic moments 
obtained by this method ( viz for proton 2*5 nuclear magnetons with 
an uncertainty of about 10% and for deuteron between 0*5 and 1 
nuclear magneton) agreed fairly well with those obtained by the 
hyperfine structure method by Rabi, Kellogg and Zacharias (vizj, for 
proton 3 25 nuclear magnetons with 10% uncertainty and for 
deuteron 0*75 nuclear magneton with 25% uncertainty). 

Rabi and Breit, in 1931, devised a method of determining both 
the nuclear spin and magnetic moment by employing magnetic deflec¬ 
tion of atomic beams. 

The theory of the method as developed by the authors is too 
long and too complicated to be quoted here. The main line of their 
argument is as follows. A beam of atoms flying across a strong 
magnetic field with gradient perpendicular to the beam shows a 
separation into (2J +1) components which is the Stern-Gerlach 
effect. If a nuclear magnetic moment is present, each of these com¬ 
ponents consists of (21 + 1) hyperfine structure, which for strong 
fields all fall together and hence cannot be detected. This i 9 why 
Stern and Frisch used a molecular and not an atomic beam. If, 
therefore, one were to use an atomic beam, the problem would be to 
separate the (21 + 1) components sufficiently by some device and 
count them individually. Rabi and Breit pointed out that as the field 
strength approaches zero , these individual components no longer fall 
together , and succeeded to refine the Stern-Gerlach method to such an 
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extent that the above condition could be realised. From the num¬ 
ber of components counted the nuclear spin I is readily obtained 
by equating it to (21 -f~ 1)* This method has been used in the deter¬ 
mination of nuclear spin of hydrogen and various alkalis such as 
Li, Na, K, Rb and Cs. With Na, for instance, the beam is split into 
8 components, instead of merely 2, proving thereby the value 4 for 

(21 + 1) and the value 3/2 for nuclear spin. Similarly the nuclear 
spin for Cs was found to be 7/2. 

The magnetic energies of the (2J + 1) . (21 + 1) states depend 
not only on the field gradient dH/dx of the inhomogeneous field but 
also in a rather complicated fashion on H itself. The analysis of the 
dependence on H shows that certain energy levels go through zero at 
certain values of H. Placing the detector at the position of the 
undeflected beam at the end of a long, weak, inhomogeneous field, 
the field is gradually increased and the values of H, at which ‘‘zero 
beam” peaks occur, are noted (method of zero-moments). With 
these values of H, the hyperfine structure separation can be calcula¬ 
ted. From the hyperfine separation, the nuclear magnetic moment 
also can be evaluated. The regularity or inversion of the hyperfine 
structure indicates further the sign of the nuclear magnetic moment, 
whether positive or negative. 

The method is advantageously used for the determination of 
nuclear magnetic moments in cases where the hyperfine separation 
is far too small to be detected by optical methods. But the chief 
limitation is the difficulty of producing and detecting a beam of 
atomR. 

(it?) STUDY OF MAGNETIC RESONANCE RADIO FREQUENCY SPECTRA 

In 1938, Rabi, Zacharias, Milliman and Kusch developed an 
ingenious technique for molecular beams, known as the magnetic 

resonance method , which has made 
possible accurate spectroscopy in 
the “radio frequency” range. The 
experiment was first announced 
as a new method for the determi¬ 
nation of nuclear magnetic mo¬ 
ment, but it became soon apparent 
that its scope was not limited to 
the measurement of this quantity 
alone. 

Principle* The principle 
on which the method is based ap* 
plies not merely to nuclear mag¬ 
netic moments, but rather to any 
system which possesses angular 
momentum and a magnetic mo¬ 
ment. If a particle having an 
angular momentum J and a mag- 




MAGNETIC RESONANCE RADIO FREQUENCY SPECTRA 1177 


netic moment M is placed in a magnetic field H, it will execute a 
precessiona! motion about i he field with the Larmor frequency 
Vl ~ /*H/J. The resonance method consists essentially in adjusting 
the strength of the magnetic field until the precession is in resonance 
wit^ an impressed oscillating i magnetic field IT whose frequency f 
is in the radiofrequency range. Under this condition, viz., when 
Yu particle will suffer reorientations, which can be detected 

by a suitable device. The smaller the ratio H'/H, the sharper 
the effect will be on its dependence on the exact agreement between 
vl and /. The magnetic moment pi can be evaluated from the known 
frequency / of the auxiliary oscillating magnetic field and the strength 
H r of the primary magnetic field required to produce resonance in the 
precesaional frequency, provided J is also known. 

In the case of more complicated systems containing two or more 
coupled angular momenta which interact with each other as well as 
wit the external field, it is simpler to view the resonance reorienta¬ 
tions as taking place when the frequency of the oscillating field 
is in resonance with the frequency given by the Bohr relation 

. * nm where \V n and W OT represent the energies of the 

two states of the whole molecular system in the magnetic field, 
ine selection rule which governs these transitions in the'ease studied 

where m is the magnetic quantum number of the sys- 
^ bo pointed out here that the method, detects not only 
ra ns I ions from state m to n , but also the reverse transition n to m. 
uneot these corresponds to absorption of radiation and the other to 

a em tesion. As Einstein has pointed out, the two processes 
are equally probable. y 


These general principles can be applied to the 
cular cases :_ 


following parti¬ 


al f 7 1 states in which all possible and more powerful com * 

pe itors to the nuclear moments are removed, as in molecules in the 

nLu 6 ^ her6 the energy of the nucleus in the external field depends 
act’ ° n 1 rru' Vn or icntation, independent of all other molecular inter- 
anH°« S> • *V S corre8 P on( ]3 to a simple system of angular momentum 
if th a880c,ated magnetic moment, in which reorientations will occur 
nf ^ requenoy of procession vl (= pH/I) and the frequency 

Mai J he r ,llating field are in rusonanc e. Rabi, Guttinger and 

a „„! r have ® ons,dere d the transition probability in such a case on 
be? nf tU ™ “ ec ! lanlcaI basis and hav e shown that a maximum num- 

stances th« « ,P laCe when / = Under these circum- 

abov, ’if fh nuc ear nWMttc moment can bo determined, as indicated 
vo, it the value of nuclear spin I is known. 

molecular ? tates which the variouf < interactions between the 

i in X the n n 1 ^ agn f tiC field depe “ d3 not 0nl * on & orienta- 

of “!" the eternal magnetic field, but also on the orientation 

the rotationa? r ( ‘! 3pm - 8 P ln ” interaction) and on tho orientation of 
rotational angular momentum of the molecule (“spin-orbit” inter- 
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action). Analysis of strong field resonance reorientations in such 
cases has led to the determination of the value and sign of ?mclear 
electric quadrupole moments and of molecular rotational magnetic 
moments . 

(Hi) Atomic ground states. On account of the existence of nuc¬ 
lear spin, the ground states of many atoms, such as those of the 
alkali metals, consist of a set of closely spaced energy levels. Each 
level of this hyperfine structure corresponds to a value of the total 
angular momentum of the atom. The spacings are caused chiefly by 
the feeble interactions of the magnetic and electric fields of the elec¬ 
trons with the nuclear magnetic moment and the electric quadrupole 
moment respectively. Left to themselves, the atoms would radiate 
this energy in the form of electromagnetic radiation given by the 
Bohr formula and settle down to thoir lowest energy state. The 
region of frequency in which these radiations are emitted lies approxi¬ 
mately between 1*5 x 10 s and 1*2 x 10 10 cycles per sec. Because 
of these low frequencies, the life-time of a hyperfine structure level is 
very long and the intensity of spontaneous emission very feeble. In 
consequence, direct observation of this radiation would be very 
difficult. But it is possible to irradiate the atom with electromagnetic 
radiation of the correct frequency and of such intensities (provided 
by the oscillating field) as to cause it to absorb, or, by the Einstein 
process of stimulated emission, to emit a quantum of this frequency 
in a reasonably short time of about 10“ 4 sec. If such a process is 
detected, it offers a direct method of measuring hyperfine structure, 
which has many advantages over the optical methods. Firstly, the 
results are simple to interpret since only one atomic energy level is 
involved ; secondly, the accuracy is very high, as only the measure¬ 
ment of a radiofrequency is to be made ; thirdly it enables extremely 
small energy separations to be measured. 

Thus, the magnetic resonance method has great potentialities- 
giving, as it does, precise and direct information about nuclear 
magnetic moments, nuclear electric quadrupole moments, hyperfine 
structure separations, molecular rotational magnetic moments, etc., 
but it involves a knowledge of the nuclear spin. It is of interest to 
note that this method reverses the ordinary procedure of spectro¬ 
scopy and instead of analysing the radiation emitted by atoms or 
molecules, analyses the energy changes produced by the radiation in 
the atomic system itself. 

Apparatus. The experimental arrangement designed by Raj 1 
and his associates is diagrammatically shown in Fig. 335. The mo e- 
cules of the substance under test are produced in the oven 0 ot 8 ® a 
dimensions (*0I mm. wide) maintained at a temperature such a 
the vapour pressure of its contents is a few tenths of a mm. oi g* 

Of the molecules that emerge in all directions from such a source, a 
very small fraction forming a very fine beam passes through a co 
lima ting slit S and reaches a detector D. In the absence oi any 
inhomogeneous magnetic deflecting fields these molecules 
straight line paths OSD and form the so-called “direct” beam. 
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main portion of the apparatus must be highly exhausted (10' 5 mm. 
Hg.) in order to render the beam collision-free and two slits Si and 
S 2 , several times wider than S, are used near the source to isolate 
the oven chamber were relatively high pressures are required to 
secure sufficient intonsity of the beam. 

In order to obtain reorientations of the molecules and to detect 
such reorientations the following device is adopted. Two strong 



M, 



PUMP PUMP 

Fig. 335. Apparatus used in the magnetic resonance method. 

inhomogeneous magnetic fields, whose gradients are in opposite 
directions, are established using two electromagnets M x and M a with 
specially shaped pole-pieces, similar to those used in the Stern and 
Garlach apparatus. The first field due to M x (which is 25 cms. long 
and begins at 10 cms. from the source slit S 2 ) splits the beam into 
a number of polarised beams according to different moments and 
velocities of the molecules. The second field of opposite gradient due 
to M a (which is 30 cms. long and begins at 52 cms. from the source) 
will refocus the divergent beams from the first field at a certain point 
(92 cms. from the source) where the detector is placed. This refocus¬ 
ing takes place only for those molecules which have remained in the 
same quantum state through their passage in both the fields. It is 
found experimentally that when the two fields are properly adjusted 
the number of molecules reaching the detector is almost the same 
whether the fields are on or off. Now a short homogeneous field of 
variable strength H obtained with an electromagnet M and a 
superimposed oscillating field, perpendicular to H, produced by a 
high frequency current flowing through two parallel copper tubes 
bent in the form of a ‘hair pin’ and inserted in the gap between the 

are arranged between the two inhomogeneous fields. 
If H reaches a value for which the Larmor frequency v L of the mole¬ 
cules is equal to the frequency / of the oscillating field, resonance 
sets in, causing reorientations of the molecules which “flop over” 
into other quantum states. These flopped molecules are no more 
refocused by the field due to M a . Jhe resonance, therefore, produces 
a decrease in intensity at the detector, which thereby offers a means 
of knowing when the reorientation effect occurs, Each observed 
minimum indicates a certain Larmor frequency and allows the calcu¬ 
lation of the corresponding magnetic moment. 
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Ihe action of the two inhomogeneous fields on the molecular 
beam before and after reorientation of the molecules is illustrated in 

Fig. 336. The two con- 
tijnuous curves indicate 
^ S ^Tz j / the path of two mole- 

j 71 _D cules having different 

I . I moments and velocities 

^ and which have not 

>L ' suffered reorientations 

Fi 336 and hence get refocused 

at the detector D. The 
dotted curves in the region of M 2 indicate the possible changes in 
path for one of the molecules, which has been reoriented under the 
combined influence of the homogeneous and oscillatory fields at M 
and which, in consequence, will not reach D. 

The detector must necessarily be a very sensitive device capa¬ 
ble of giving a linear response to the intensity of a slender beam of 
molecules falling on it, as well as of measuring very small changes of 
intensity. There are, in actual use, three different types of detector, 
known as the PIrani gauge , the ionisation gauge and the surface 
ionisation gauge. This last one is most sensitive and hence commonly 
used, whenever possible. It consists of a heated thin tungsten fila¬ 
ment placed at the refocusing point of the molecular beam. The 
impinging neutral molecules (or atoms) re-evaporate from the fila¬ 
ment as positive ions, each having given up an electron to the sur¬ 
face of the filament. If the tungsten surface is kept sufficiently hot 
and if the difference between its work function and the ionisation 
potential of the molecule or atom is appreciably greater than «T, 
practically all the molecules falling on the filament re-emerge as 
positive ions. These ions are collected by a plate which surrounds 
the filament and which is kept at a potential of about —10 vo s 
with respect to the filament. The ion current thus obtained is amp i- 
fied by means qf a suitable vacuum tube. With the normal pla e 
current of the tube balanced out, the change in this current is a 
direct measure of the number of molecules or atoms impinging on e 
tungsten surface. The surface ionisation device is able to detec^ an 
ion current of about 10' 15 ampere, or about 6,000 molecules or atoms 
per sec. Measurements are made with it with ease and ®P ee 
complete resonance curve being obtained in ten minutes or ess. » 
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^nii = 0. Such a spectrum has been detected and analysed for 
the determination of the rotational magnetic moment of molecules. 
Ramsay has thus measured the rotational moments of H 2 , HD and 
D 2 molecules as 0 879, 0*660 and 0 441 respectively for their first 
rotational states. 


(n) The complete resolution of molecular radiofrequency spec¬ 
tra, as stated above, is not essential for the determination of nuclear 
magnetic moments. In fact, the majority of nuclear moments so far 
determined by the resonance method have been obtained from mole¬ 
cules which yield resonance curves formed by the superposition of 
many lines—the so-called unresolved molecular spectrum. The parti¬ 
cular molecular constituent to which the resonance curve corresponds 
may be identified by finding the resonance minimum common to two 
molecules containing the same nucleus. For example, if resonance 
curves are taken for LiCl, LiF and NaF, the minima common to LiCl 
and LiF are those of the Li isotopes, while the minimum common to 
LiF and NaF is that of fluorine. Some of the values obtained in 
this manner are :— 


Hi = + 2*7896, Li 6 = + 0*8565, Li 7 ~ + 3*2532, F 19 - + 2*625, 
Ha 23 = + 2*215, K 39 — + 0*391, K 40 = — 1*290 nuclear magne¬ 
tons. 

(in) Using atomic beams and obtaining the resonance curves 
{case m) with weak field (H = *05 to 1*5 gauss), the hyperfine sepa¬ 
rations of the alkali and indium’atoms in the ground state have been 
measured by the magnetic resonance method, which have further en¬ 
abled to deduce the nuclear spins in some cases. 

Alvarez and Bloch, in 1940, by an adaptation of the resonance 
method to a beam of neutrons have been able to measure the magne¬ 
tic moment of the neutron directly and obtain the value of 
— 1*945 i 0 02 nuclear magnetons, which is the moment to be 
added to that of the proton in order to get that of the deuteron. 
We shall deal with this curious fact of the uncharged neutron 
possessing a negative magnetic moment presently. 

(v) ANALYSIS OF MICROWAVE SPECTRA 

The exceptional resolving power characteristic of micrpwave 
spectroscopes readily lends itself to the hyperfine splitting of spec ra 
lines. Analysis of such hyperfine structure in microwave spectra 
offers a direct means of estimating the spins, magnetic moments 
electric quadrupole moments of nuclei. Further, thanks to t e' _ 

precision of the microwave spectrometers, measurement of the « 
quantities can be made with great accuracy. Hyperfine structures m 
microwave spectra have been obtained in the following cases . 

A. Atomic spectra. The spectral region from 0*05 cm.” 2 to 
5 cm.' 1 now covered by precise microwave spectroscopy 1 ” c ^ u 
many transitions between hyperfine levels of free atoms. o . 
ample, the ground states of Na 83 , Rb 87 , Cs 112 are split in _ 
with separations of 0*059, 0*228 and 0*307 cm.' 1 respective y. 
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the interaction of the unpaired electron and the nuclear magnetic 
moment. Many ionised atoms also have transitions falling in the 
microwave region. The advantages of microwave methods for the 
analysis of such transitions are evident. But due to experimental 
difficulties of getting sufficient amount o free atoms and ions in the 
apparatus in order to obtain detectable absorption lines, the techni¬ 
que of microwave atomic spectroscopy has not yet been fully deve¬ 
loped. All the same, the hyperfine structures of H, Na and Cs atoms 
have already been observed. A very important result obtained is 
what is known as Lamb-Retherford shift. Using atomic beam and 
microwave technique, Lamb and Retherford (1947-53 were able to 
make a direct and precise measurement of the separation of the fine 
structure levels in the first excited state of atomic hydrogen They 
found that the 2 2 Sj/ 2 and the 2 2 Pj /2 levels do not coincide but 
that the former level is 1,058 megacycles/sec. or 0*033 cm,' 1 above 
the latter. This separation, known as the “La mb-Retherford shift 1 *, 
has allowed a significant modification to be introduced in the theory 
of quantum electrodynamics. A satisfactory explanation of the obser¬ 
ved shift is that it results from the interaction of the electron with 
its own radiation field. Fluctuations exist in the quantised electric 
field, and these fluctuations, acting on the electron, cause it to have 
a very rapidly variable position. This means that the point electron 
effectively becomes a sphere of radius of about 7 x 10' 12 cm., and as 
a consequence, the electron is not so strongly attracted to the nuc¬ 
leus at short distances. As a result, the S states of zero orbital 
momentum, in which the electron is close to the nucleus, are raised 

in energy relative to the corresponding P, £), .states in which 

the electron has a very small probability of being near the nucleus. 

When Dirac developed his relativistic quantum-mechanical 
theory of the electron, he omitted the above effect due tt> the inter¬ 
action of the electron with its own radiation field. His theoretical 
conclusions, however, appeared to be confirmed by experimental 
results. In contrast to the situation, calculations that attempted to 
include the field reaction always gave the inertia of the electron's 
self-field as infinite, corresponding to an electron of infinite mass. 
Consequently Dirac’s theory was favoured over the more consistent 
theory which included the reaction required by Newton’s third law. 
This state of affairs, however, was reversed by the decisive result of 
the Lamb-Retherford experiment, which proved that a small but 
certain correction has to be made to the predictions of Dirac’s theory 
Later Schwinger theoretically showed, from a reformulation of rela¬ 
tivistic quantum electrodynamics, that the interaction energy bet¬ 
ween an electron and an external magnetic field must include a 
radiative correction term representing the interaction of the electron 
with the quantised electromagnetic field. 

B. Molecular rotational spectra. In the last decade, micro- 
wave technique has been chiefly designed for direct observation of the 
pure rotational absorption spectra of molecules and has met with 
unprecedented success in the resolution of hyperfine structure of 



1184 


PHYSICS OF THE ATOM 


molecular rotational lines. This phenomenon arises through a coupling 
of the nuclear spin I to the molecular rotational vector J. Vectoriallv 
I and J can be regarded as forming a resultant F fixed in space about 
which J and I precess. The coupling may be electric or magnetic or 
both. Although both types of couplings can occur in one and the 
same molecule, frequently one type predominates over the other. 
We shall now deal with the effects of the two interactions separately 
for the sake of clearness. It must be borne in mind, however, that 
if the 21 -f 1 degeneracy resulting from a given nucleus is complete¬ 
ly lifted by one of these interactions, no further components in the 
hyperfine structure arising from the same nucleus can be produced 
by the other type of interaction, but only a small displacement of 
the existing components. 

(i) Hyperfine structure dve to quadrupole interaction . A non- 
spherical distribution of electric charge causes the nucleus to have an 
electric quadrupole moment which interacts with the gradient of 
the molecular electric field at the nucleus. This molecular field 
arises chiefly from the valence-shell electrons which are strongly 
coupled to the molecular frame and which, in consequence, rotate 
with the molecule. When the molecular axis changes orientation 
with respect to the nuclear axis, the components of the molecular 
field at the nucleus in the direction of the spin axis change values 
causing a corresponding change in the interaction energy, which must 
be supplied by the radiation field. It is this change in interaction 
energy, which is evidently quantised, that gives rise to the hyperfine 
structure in rotational spectra. To determine the magnitude of the 
hyperfine splitting of the rotational levels, quantum mechanical per¬ 
turbation methods have been employed. Casimir gave the basic 
theory of the interaction of the nuclear quadrupole moments with ex- 
tranuclear electrons. Nordsieck, Feld and Lamb adapted it to linear 
molecules. Coles and Good and Van Vleck extended it to symmetric 
top molecules, while Bragg and Knight and Feld to asymmetric 
molecules. 

A very large number of molecules are found to have observable 
nuclear quadrupole hyperfine structure in their microwave rotational 

spectra. W.E. Good was the first, 
in 194^6, to discover such nuclear 
quadrupole hyperfine structure in 
the inversion spectrum of ammo¬ 
nia (NH 3 ), when he found that 
the individual fine structure lines 
had satellites. These satellites 
of one of the ammonia lines, as 
were seen by Good on the cathode 
ray screen, are represented in 

Fig. 338. This beautifully sym¬ 
metric hyperfine structure about 

Fig. 338. Quadrupole hyperfine the strong central undisplace n 
structure of ammonia. arises from the nuclear quaa 

pole moment of the N“ nucleus 
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in the N 14 H 3 molecule. Since the time of this discovery, numerous 

examples of quadrupole hyperfine structure in microwave rotational 
spectra have been observed by 

different workers in the field. 

Fig. 339 represents the hyperfine 
structure of a rotational line el 
the linear molecule ICN at 0-581 
wavelength obtained by 


cm. 



Fig. 339. Hyperfi n© structure of 
a rotational line of ICN. 
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from the I — J cou Pling, one must know the value of the molecular 
magnetic field at the nucleus in question. This, however, cannot be 
determined with accuracy due to the complexity of molecular 

moments. 

■ 

(in) Zeeman effect in hyperfine structure due to both types of 
interaction. The moments of most of the molecules in state, 
though very small, are sufficient to cause observable Zeeman effects 
in the hyperfine structure of their microwave rotational^speotra, 
provided the nuclear spin is coupled to the molecular axis through a 
quadrupole moment. Strong magnetic fields of several kilogauss are 
also required to produce the effect. Such a Zeeman splitting of 
hyperfine structure was first observed in the inversion spectrum of 
NH 3 by Coles and Good and has been fully verified by Jen. Nuclear 
magnetic moments can be estimated from the Zeeman splitting of the 
hyperfine structure. The relevant theory .has, been worked out in a 
manner analogous to the Zeefnan effect in atomic hyperfine spectra. 
As in the molecular beam magnetic resonance method , here also the 
value of the spin must be known for the evaluation of the magnetic 
moment ; but the spin can be readily determined from the hyperfine 
structure which is present. The accuracy of result depends on the 
strength of the quadrupole coupling. The nuclear magnetic moments 
of I 129 , S 33 , and S 35 , previously unknown, have been determined in 
this waj\ The great importance of this method lies in its application 
to the determination of nuclear magnetic moments of rare or radio¬ 
active nuclei, where extremely small samples must be used. 

C. Paramagnetic resonance spectra. Many solids and a 
few gases are paramagnetic, i.e they contain atoms or ions which 
have uncancelled electronic (spin or orbital) magnetic moments. 
Others can be made so by bombardment with X-rays, neutrons, etc. 
When the paramagnetic substance is placed in a magnetic field, the 
electronic angular momentum vector processes about the field direc¬ 
tion due to the interaction of the magnetic moment of the atom or 
ion with the external field. The precessional orientation angle is 

quantised, similar to Zeeman effect. Transitions from one ailower 

orientation to another give rise to absorption in ^io micro b 
resion when the external field is of the proper value determined Dy 
ZZntiSon for resonance, «... hf = A where/is 
of the electromagnetic radiation employed, jr is the spec/ro t^ 
splitting factor (analogous to Lande g factor), p the magne i 
of the processing electron and H the applied magnetic e • 

The radiation field supplies the energy absorbed^when ^ 
ahove-stated condition is satisfied. The phenomenon u> close 
logous to nuclear resonance absorption observed in t 
queney region, and is most easily observed in the m»«ouave r^^ 
with magnetic field of the order of a few lcilogausb. It ofthe 

in mind that paramagnetic absorption is caused by tJi P ^ In 

magnetic dipole to the magnetic.component o ® absorption 

practice the oscillator is set at a fixed frequency fjghh 

line is swept through this frequency by varying the magnetic ft 
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Though pure paramagnetic resonance is simple,-'it is hardly 
ever pure. Seldom is the spinning or revolving electron free to pro¬ 
cess about an externally imposed field without hindrance from nu¬ 
merous neighbours. But it is the impure resonance of the process¬ 
ing electron which is of great importance as it can give away secrets 
about the interior of solids and sometimes even nuclear secrets with 
) hiefly we are interested here. Paramagnetic resonance absorp¬ 
tion was first observed by a Russian scientist, Zavoisky, in 1945, 
and shortly after by Commerow and Halliday in America and by 

Bagguley and Griffiths in England.. Since then many workers have 
been active in the field. 

Hyperfine structure in paramagnetic resonance spectra . Penrose, 
in 1949, achieved a significant development in paramagnetic reso¬ 
nance technique by obtaining for the first time the resolution of nuc¬ 
lear hyperfine structure with it. This field was rapidly explored with 
experiments and relevant theory by other workers, such as Bleaney, 
Pyrce, x4bragram, Ingram, Bowers and ScoviL The most pronounced 
hyperfine splitting is caused by the interaction of the nuclear 
magnetic moment with the electronic magnetic moment. However, 
effects o nuclear quadrupole moments have also been detected in 
this type of spectra. When the internal fields have axial symmetry, 
as frequently happens, the hyperfine structure is fairly simple. In 
such cases, the structure consists, to a first approximation, of 21 -j- 1 
equally spaced components of equal intensity with separation 
8v = KMi/A, where K is the interaction constant. Mi the nuclear 
magnetic quantum number and h Planck’s constant. Hence the 
nuclear spin I can be obtained by merely counting the components 
of each main transition. Likewise, the nuclear magnetic moment 
can be estimated by measuring the spacing of the components. 
Information about nuclear quadrupole moments can also be obtained 
in many instances, when the quadrupole interaction is not small 
compared to the magnetic interaction or when the quadrupole effect, 
though weak, produces small satellites of the magnetic hyperfine 
lines. Usually the measurements must be made at low temperature, 
that of liquid hydrogen or helium, and with specimens diluted with 
non-magnetic materials to avoid the various broadening effects which 
prevent resolution of the hyperfine structure under ordinary condi¬ 
tions. 


The adjacent figure (Fig. 340) represents the hyperfine structure 


in the paramagnetic resonance of 
cobalt ammonium sulphate obtain¬ 
ed by Bleaney and Ingram (1951). 
The structure has been shown to 
be due to Co 59 and from the 
eight components observed the 
nuclear spin of cobalt is found to 
have a value of 7/2. Bleaney and 
his eo-workers have also recently 
obtained the nuclear spins and 



Fig. 340. Hyperfine structure of 
cobalt. Paramagnetic resonance. 
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-magnetic moments of several of the rare-earth elements, such as 
Ndi 43,140 , Eb 167 , etc. It is hoped that the method will eventually 
enable to determine the nuclear moments of practically all the iso¬ 
topes of the iron-group and rare-earth elements. 

Results. (i) The nuclear spin has been estimated already 
for nearly hundred elements , we should more accurately say, for 
hundred different isotopes , since the nuclear spin is one of those quali¬ 
ties which may vary from one isotope to ’another of one and the 
same eleihent and there are several cases in which different values 
of I have been reliably assigned to two or more diiferent isotopes. 

The great majority of the values of I has been derived from 
analysis of hyperfine structure observed both in atomic and micro¬ 
wave spectra ; about ten from alternating intensities in band spectfa, 
about a dozen from magnetic deflection experiments. The values are 
of somewhat unequal certainty, some being derived independently 
and concordantly from several different properties of hyperfine 
structure, some being further confirmed by deductions from band 
spectra and magnetic deflection of atomic beams, while others are 
guesses based on a few rough observations of intervals. 

Important contributions to nuclear theory have resulted from 
the study of nuclear spins. When the values of the spins of different 
nuclei are tabulated, the following important rule emerges : — 


All isotopes of old mass number have half-integral spins, while 
those of even mass number have integral spins and most of these (chiefly 
in the cases where the masses are integral multiples of four) are equal 
to zero. Although not every kind of atom has yet been studied, the 
number of cases on which the rule is based is already so considerable 
that the discovery of an exception would be a sensation of the first 
order. Among the most striking illustrations of the rule are those 
afforded by elements of many isotopes. For instance, Hg has four 
isotopes of even mass number 198, 200, 202, 204, which all have 
1 = 0, and two isotopes of odd mass number, 199 for which I = 1/2 
and 201 for which I — 3/2. The outstanding and very certainly 
known case of hydrogen is distinguished by the values of 1/2 for the 


light odd isotope and 1 for the heavy even isotope. 

This empirical rule is quite in favour of the proton-neutron and 
not at all of the ‘ proton-electron 9 constitution of the nucleus . The total 
spin of the nucleus, as we have said, is the resultant of all the angu¬ 
lar momenta due to orbital and spin motions of all the particles in¬ 
side the nucleus. Theory and experiment agree that a proton, a 
neutron and an electron have spins 1/2. Considering nuclei with even 
mass number A and odd atomic number Z (e.g., 7 N 14 ), experiment) 
shows that they have an integral value for spin (for 7 N 14 unity). 
According to the proton-electron theory, these nuclei should contain 
A protons and (A — Z) electrons, and hence (2A — Z) total number 
of particles, which is evidently odd. These odd number of particles, 
each of spin 1/2, should necessarily lead to a half-integral value , con- 
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trary to experimental results. On the other hand, according to the 
proton-neutron theory, these nuclei will contain Z protons and 
(A — Z) neutrons, and hence odd number of protons and odd num¬ 
ber of neutrons, so that the total number of particles, given by A, is 
even. This will lead to an integral value, conformable to experi¬ 
mental result. 

The argument becomes still stronger if nuclei of odd mass num¬ 
ber A and even atomic number Z are considered. Experiment clearly 
proves that all such nuclei have hal -integral values for spin. Now 
in the proton-electron hypothesis, these nuclei will contain odd 
number o: protons (A) and odd number of electrons (A —Z). Then 
the resultant spin should be an integer and not half-integer. On the 
basis of the proton-neutrons hypothesis, they will contain even num¬ 
ber of protons (Z) and odd number of neutrons (A — Z) which would 
always give a resultant spin of half-integer value in agreement with 
experimental observations. 

It may be noted that this experimental law about spins is 
analogous to the law governing the statistics of nuclei, such that 
nuclei obeying Bose statistics have integer spins and those obeying Fermi 
statistics have half-integer spins. 

Another interesting conclusion that can be derived from nuclear 
spins is the probable existence of a-particles as nuclear sub-units , since 
it is found that nuclei whose masses are integral multiples of four 
such as He 4 , C ia , O 16 , S 32 , etc., h?,ve zero spin, which means that 
nuclei built up with a-particles of zero spin will also have zero spin. 
It is thus very likely that nuclei consist only of neutrons and protons 
and probably a-particles as sub-units, formed evidently with 2 neut¬ 
rons and 2 protons. 

Lande’s theory of nuclear spin* Lande has proposed a 
simple theory to explain the origin of nuclear spins, according to 
which nuclear spin is to be attributed to a single odd particle in the 
nucleus . Considering a nucleus of odd mass number A, it will have 
an odd particle left over in its constitution. If the atomic number Z 
of the nucleus is also odd, the odd particle must be a proton. Hence 
nuclei of odd A can be divided into two groups : those with an odd 
proton and those with an odd neutron. Land6 considers that it is 
this odd particle, proton or neutron, which is responsible for the 
observed nuclear spin. This particle has a spin 1/2 and is also assum¬ 
ed to have an orbital angular momentum which may have .quantum 
numbers 0, 1, 2, 3, etc. The nuclear spin is the resultant of the spin 
of the od«i particle and its angular momentum. 

This theory explains adequately several of the experimentally 
observed facts :— 

a.- Integral value of spins of nuclei with even mass numbers. In 
nuclei of even A f if Z is also even, as in most cases, no odd particle 
will be left over in their constitution. There may be even neutrons 
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or even protons, which, however, will lead to an integral value of 
spin, including zero'. 

(i. The zero value of spins of nuclei whose masses are integral 
multiples of four. In these nuclei, there is evidently no odd particle 
left over. There is also the additional reason that they are formed 
with a-particles of zero spin as sub-units, 

Y* The unit value of spin in the case of the four light nuclei of 
even mass number and odd atomic number, viz., 1 T> 2 , 3 Li 6 , 5 B 10 , and -N 14 . 
The deuteron is constituted by a neutron-proton pair. Since each of 
these has a spin 1/2, it can be considered that in the deuteron the 
spins of the individual components add up to give a resultant spin 1. 
Li 6 probably contains an a-particle and a neutron-proton pair ; the 
spin of the a- particle is zero, while the remaining proton-neutron pair 
might, as in the case of deuteron, be expected to have a spin of 
unity. By a similar argument, the B 10 nucleus will contain 2 
a-particles and a proton-neutron pair and the N 1 * nucleus 3 a-particles 
and a proton-neutron pair. This simple conception, * which involves 
the alpha-particle nuclear model, therefore predicts that the spins of 
all these four light nuclei will be identical and equal to unity, in 
complete agreement with observation. 

S. The small values of nuclear spins in general. Observed nuc¬ 
lear spins vary only from 1/2 to about 9/2 in spite of the fact that 
the nucleus can contain, when heavy, more than 200 particles. This 
small value arises from the vectorial addition of the spin of the odd 
particle with its angular momentum 0, 1, 2, 3, etc., due attention 
being paid to the orientation, parallel or anti-parallel, of the compo¬ 
nent vectors. 

Lande’s theory implies the existence of extremely small orbits 
within the nucleus of the order of 10' 13 cm., for which there is as yet 
no direct experimental evidence. Moreover, in some cases, it becomes 
necessary to assume three particles instead of one to account for the 
observed spin. In spite of these drawbacks, the theory is of consi¬ 
derable interest, accounting, as it does, for the small observed spins. 

It may be noted that recently the same results have been adequately 
interpreted on the basis of the shell model of the nucleus in the place 
of the alpha particle model, 

(tt) The nuclear magnetic moment has been estimated in 
quite a good number of cases, but the insufficiency 7 of the theory and 
the approximations to be made render the recorded values in several 
cases subject to doubt. They are mostly derived from the hypernne 
structure separation observed in atomic and microwave spectra 
or estimated by the magnetic deflection method, chiefly by analysis 
of magnetic resonance radio-frequency spectra. Most magnetic mo¬ 
ments are given as positive, meaning that they are of the sign which 
one expects, considering the nucleus as a rotating positive charge ; a 
few magnetic moments are found to be negative. 
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The magnetic moments of the proton , neutron and deuteron are of 
great importance in nuclear physics. 

cl. Magnetic moment of proton. Expressing the nuclear 
magnetic moments in terms of the nuclear magneton (/* N ), which is 
approximately 1/1840 times the Bohr magneton, one might expect 
for the proton a magnetic moment equal to one nuclear magneton. 
However experimental measurement gives a value about three times 
large (2*79 p- N ). Attempts to explain this discrepancy have been 
made on the basis of the theory of ^-disintegration with the assump¬ 
tion that there is a probability of finding the proton temporarily dis¬ 
solved into a neutron, positron and neutrino, during which time the 
proton does not possess the expected elementary moment. 

p. Magnetic moment of neutron. The neutron being elec¬ 
trically neutral, one cannot readily picture what might give rise to a 
magnetic moment for the neutron. Nevertheless, it has been definite¬ 
ly established that the neutron has a magnetic moment and a nega¬ 
tive one at that ( — 1*91 p s ). This can be explained, however, by 
the fact that a lack of charge means only that the integral of the 
charge density is zero. A sphere, for example, whose surface is 
negatively charged and at whosQ centre an equal but positive charge 
is concentrated, would appear uncharged, but it would produce a 
negative magnetic moment upon rotation. This picture serves as 
an illustration and is not meant as an actual model of the 
neutron. Since the neutron has nearly the same mass as the proton, 
one would naturally expect a magnetic moment of one nuclear mag¬ 
neton about, while it is actually twice as large. This anomaly* has 
been explained in a manner similar to that stated above in connection 
with the proton replacing the positron by the electron. The negative 
sign is understood by a consideration of magnetic moment of the 
deuteron. 

Y* Magnetic moment of deuteron. Experiment shows 
that the deuteron has a moment less than a nuclear magneton 
(0*86 /x N ). This fact, in tho proton-neutron scheme, implies that the 
neutron has a magnetic moment pointing in the opposite direction to 
that of the proton : (2*79 — 1*91 = 0*88). It may be noted that 
this value 0*88 is slightly greater than that actually observed, viz., 
n*86. This discrepancy is important, as it proves that there must be 
relative orbital motion between the neutron and proton, so that the 
ground state of deuterium cannot be a pure S-state (l — 0). We 
shall return to this point in a later section. The spins of proton and 
neutron must, however, be parallel, else their resultant could not be 
unity which is the value of spin for deuteron. Since it has been 
established that the magnetic moment points in tho same direction 
as the spin in the case of proton, as would be expected for a positive 
charge, it may be concluded that the magnetic moment of neutron 
points in the opposite direction to that of its spin and is negative. Very 
recently, however, the possible existence of anti-neutron has been 
placed in evidence, which might argue to the neutron having its 
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magnetic moment also in the same direction as its spin. Experi¬ 
ments, conducted at California with the bevatron by E.G. Lofgren, 

^ cc i° ne * Wenzel and Q.R. Lambertson in September 
1956, showed that one of every 50,000 protons became an anti-neu¬ 
tron. In the course of their researches they noted bursts of energy 
(several hundred times more than is produced in the reaction of the 
hydrogen bomb) that could not be ascribed to the readily detected 
anti-protons. They were able to show that these bursts were 

caused by the annihilation of the anti-neutron by collision with a 
neutron. 

Another striking fact is that the magnetic moment of no nucleus 
is more than a couple of times as large as that of the proton and some 
are a good deal smaller . This injures still more the scheme of con¬ 
structing nucleus out of protons and electrons, for the magnetic mo¬ 
ment of a single electron not compensated by some other should, of 
itself, make the nuclear magnetic moment enormously larger, since 

the magnetic moment of the electron is 1,840 times greater than the 
nuclear magneton. 

«. PARITY OF NUCLEI 

Parity is a nuclear property which has been considered more 
important than even the spin from the theoretical standpoint. Its 
concept is somewhat involved and requires quantum mechanical con¬ 
siderations for an adequate definition. According to qua'ntum me¬ 
chanics, associated with each fundamental particle (e.g., electron, 
meson, proton, neutron, etc.) is a wave function ip which depends on 
the three spatial coordinates x, y , z. The total energy of a system 
of particles is a scalar, but this does not imply that the wave func¬ 
tion $ is a scalar. The parity of the particle has to decide this 
point, by indicating how the wave function of the sj'stem behaves 
when the sign of all the coordinates are changed, i.e., x into — x , 
y into — y and z into — z. For a particle with zero spin, this change, 
known as reflection, is made by taking a plane through the centre of 
the particle and making a reflection of the entire space on this plane 
as if the plane were a mirror. By such a change, if the wave func¬ 
tion is quite unaffected, the wave function is said to be a scalar (like 
the total energy of the system mentioned above), the state of the 
system is called even and the parity of the particle positive or even ; 
if, on the other hand, the wave function changes in sign (without 
any other change) the wave function is said to be pseudoscalar , the 
state of the system odd and the parity of the particle negative or odd. 
Hence a particle with zero spin and intrinsic negative parity has a pseu¬ 
doscalar wave function. 

For a particle of spin one, the wave function is a vector ; there 
are two kinds of vector, polar vector and pseudovector , the former 
changing its sign and the latter not changing its sign, when the sign 
of the coordinates are changed by a process, known as inversion .. A 
polar vector, e.g., force, velocity, etc., is represented by a straight 
line with an arrow on it, while a pseudo vector, c.g. $ circulation, 
simply by a line. 
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Nuclear states are characterised by a definite parity, which may 
be different for different states of the same nucleus. The conser¬ 
vation of parity has 
an important bearing 
on nuclear transforma¬ 
tions. Thus, according 
to the parity law, two 
particles that are 
mirror images o each 
other must obey the 
same physical rules, 
as illustrated in Fig. 

341. 

In diagram (c), 
the cylinder 1 repre¬ 
sents a nuclear parti¬ 
cle spinning around 
the XY-axis in the bo {^) 

direction indicated by 341 * illustration of the iaw of parity. 

the arrow. To the right is its mirror image, spinning the opposite 
way. Cylinder 2 is another nuclear particle identical to the mirror 
image of 1. The law of parity says that there should be no difference 
between the particles 1 and 2 that can be detected by measurements 
along the XY-direction. For instance, if tfhe particles are radioactive, 
they will have to send off their electrons (p rays) equally in both 
directions along the XY-axis, as shown in (6). 
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This law of parity has been very much utilised in erecting, the 
structure of modern nuclear physics, even to the extent of summarily 
rejecting any theory that seemed to violate it. Very recently, 
hpwover, such a fundamental.law has been seriously called into ques¬ 
tion, as we shall see in a later section* 

9. STABILITY OF NUCLEI AND INTRANUCLEAR FORCES 


On the admission of proton-neutron constitution of the nucleus, 
for which there is a considerable amount of experimental evidence, 
there arises the very important but difficult question : how is the 
stability of the nucleus achieved , if it is composed of uncharged neutrons 
und charged protons , chiefly given the fact that the electrostatic re¬ 
pulsion of the protons tends to disrupt the nucleus ? What is the 
nature of forces that ensure such a wonderful type of stability between 
charged and uncharged particles in the nucleus ? Attempts have been 
made to solve this problem both on the experimental and theoretical 
sides, but with partial success only. A brief statement will now be 
made of these investigations. 

Experimental researches. Search for the causes of stability 
of nuclei have been made in the following four directions :_ 

(t) Relative abundance of elements as well as of isotopes that 
occur in nature. 
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(H) Mass defect curves. 

4 

(iii) Decay constants of natural radioactive substances. 

(iv) Magic numbers. 

(e) Relative abundance of elements and isotopes. The 

basic supposition made in this stud}' is that elements and isotopes 
which occur in nature quite abundantly are very stable . 

The relative plenty or scarcity of the different elements in ter¬ 
restrial and other cosmic matter has been for many years a problem 
of the greatest interest among chemists, geologists and astrophysi¬ 
cists. It has now become a subdivision of a wider topic, the relative 
abundance of the different isotopes. Better said, there are now two 
branches of research, viz., (?) the relative abundance of elements with 

respect to one another and (li) the relative abundance of the different 
isotopes within each element. 

As regards the first and older problem, viz., the relative 
abundance of elements found in nature, it is in a somewhat un¬ 
satisfactory state and seems likely to remain so. For, we have only 
the earth s crest, a few meteorites, some nebulae and the outermost 
layers of stars available for study ; the nebulae and the stars only by 
spectroscopic methods, of which the results are not always easy to 
interpret. The interior of th e earth and of the stars remain impene¬ 
trable to us. The relative abundance of the elements in the few 
accessible regions is by no means the same and gives us no sure basis 
for guessing what it might be in the inaccessible regions. 

Nevertheless, since the problem is one of the few possible 
sources for formulating theories about the evolution of elements, it 
has received serious attention. An enormous number of chemical 
analysis of igneous rocks and other geological materials has been 
made. More recently', the more powerful and convenient method of 
X-ray analysis has been 1 applied by r Hevesy, Noddack and others to 
the problem with noteworthy' success. As a result of the vast data 
thus acquired certain conclusions have been arrived at for the ele¬ 
ments in the earth’s crest, wdiich are so strong that one is very much 
tempted to extend them to the whole of Nature. They are :— 

(a) Heavier elements are much more rare than lighter ones , which 
means that the light elements are much more stable than heavy 
ones. 

(b) There is a great predominance of elements of even atomic 
number ( Z) over elements of odd , first pointed out by Harkin, hence 
called Harkin's rule which has been beautifully confirmed by X-ray 
analysis, even in the case of the rare earths. This finding means that 
atoms of odd<Z are much less stable than those of even Z . 

In comparing the relative abundance of the different iso¬ 
topes of a single element, one feels on surer grounds. For, as a 
general rule, the relative quantities of the different isotopes are foun 
to be the same for every sample of a given element, from whatever 
part of the earth’s crest or even out of the meteorities it might have 
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been taken. The experimental methods of measuring the relative 
abundance of isotopes have already been drMTibed in chapter 
(C/. pp. 247-9). The results obtained may be summarised as 

follows : — 

(a) Harkin's rule kolds good in the case of isotopes also. Ele¬ 
ments of even atomic number Z usually possess a much larger num¬ 
ber of stable isotopes than the elements of odd Z which almost never 
have more than, two stable isotopes. 

(b) In light nuclei the mass number A is approximately double the 
atomic number Z , while in heavy nuclei the mass number A is somewhat 
higher. This might mean that stability conditions require that the 
ratio of neutrons to protons must approximate to unity in light 
nuclei, but become greater than unity in heavy nuclei. 

(e) Isotopes whose mass numbers are multiples of four are s parti¬ 
cularly abundant and hence very stable. For instance, O 16 , Mg' -1 , Si- 8 , 
Ca 40 and Fe* 6 form nearly 90% of the earth’s crest. This might 
mean that a-particles (A = 4) play an important role in the stable 
constitution of nuclei, as sub-units. 

(d) A close scrutiny of the table of isotopes shows that , out of 
the 280 isotopes that occur in nature, 154 , i.e. f nearly 4/7 of the total 
number, are of even A and'even Z, while there are only four with even 
A and odd Z (,H 2 , 3 Li 6 , 5 B 10 and -N 14 ). This means that nuclei with 
even numbers of protons and neutrons are more stable than those 
with odd numbers. Isotopes of odd A occupy an intermediate position ; 
there are 107 stable of this kind, of which 55 have even Z and 52 
odd Z. I fence it follows that isotopes of even Z (154 -f- 55) are much 
more abundant and hence more stable than those of odd Z (52 -)- 4), 
in conformity with Harkin’s rule. Any theory trying to explain the 
stability of nuclei must account for this disposition among isotopes. 

(it) Mass defect curves. The mass defect, as we have seen, 
is a measure of the binding energy involved in the formation of the 
nucleus from its constituents. Hence, the greater the mass defect, 
the greater the binding energy ; but greater the interchange of 
energy in the building up of the nucleus, the greater will be the union 
of the constituent parts in a general sense, hence greater the stabilit}^ 
of the nucleus formed, minimum potential energy representing the 
most stable state. On the other hand, to a small mass defect would 
correspond a small binding energy and, in consequence, the nucleus 
invOls/cd will not be very stable. But the exact relation between the 
stability of the nucleus and the binding cnerg3 r or mass defect is not 
as yet well established. For, the binding energy is a quantity which 
can be defined only in function of the nature of the constituent 
particles of which the nucleus is supposed to be built. This, how¬ 
ever, presupposes the existence of these particles with their proper 
individuality even inside the nucleus, so that the nucleus would be a 
mere agglomeration of them. Such a conception, however, encounters 
manv difficulties. 

All the same, attempts have been made to investigate the rela- 
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tion that exists between the binding energy and the stability of the 
nucleus, using the experimentally observed mass defect, as follows * 

a. Mass defect curve. If the mass defect — M — A is plotted 
against the mass number A, a curve of the form shown in Fig. 342 

a=M-A 
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Fig. 342. Mass defect curve. 



is obtained. The uncertainty in the value of the mass defect 
increases steadily with increasing A, indicated by the space between 
the dotted curves, for want of accurate experimental data in the 
region of the heavy elements. But the values of [\ do not jump 
about at random as one advances along the procession of the atoms 
in the order of their mass numbers. At the two ends of the curve, 
viz., the light and heavy ends, the mass defect is positive but all 
through the paiddle and by far the larger portion of the curve, the 
mass defect is negative, indicating that the atomic masses for the 
very light and very heavy atoms are greater than the corresponding 
mass numbers, while less for the rest of the atoms. The curve 
crosses the zero line in the region of mass number 20 (Ne), has a 
minim4tan near A = 110 (Sn) and then rises steadily crossing the 
zero line again near A = 200 (Hg). 

The inferences that can be drawn regarding stability from such a 


curve are :— 


(t) Since the absolute vahie of the mass defect gives the^bind’ 
ing energy and since the mass defect increases up*to A = HO an 
then decreases, one might conclude the stability of nuclei increases 
up to A «s# HO and then decreases for higher mass numbers, lnus 
the fttoms of very heavy mass should be pretty unstable, which is 
partially confirmed by the natural radioactive nuclei. 

(ti) The fact that for the greater part of the curve the atomic 
masses (M) are less than the corresponding mass numbers (A) mig ^ 
mean that in the case of the majority of atoms, the mass defect is 
loss of mass due to the binding together of the fundamental particles 


Ji 



NUCLEAR STABILITY 


1197 


and that, in consequence, energy would be released in their forma- 
tion and absorbed in their disruption. 

I Hi) The two ends of the curve, however, show that not a 
atomic masses lie below the respective mass numbers. Phis might 
mean that not all nuclei consist of particles which have unit mass 
when free and, in consequence, might predict the existence of heavier 
particles such as a-particles as constituents, 11 all difi.-rcno s 
losses due to clustering ; hence in some cases energy would be ab- 
sorbed in the formation of the nucleus and liberated in the break- 

ing up into the constituent particles. 

(tv) The mass defect appears to be roughly proportional to the 
mass number A and hence to the total number of particles in the 
nucleus, as indicated by the smooth straight line curve. 

The great drawback of this method of procedure is the uncertain¬ 
ty of the curve caused by the widely divergent experimental errors 
in the measurement of atomic masses. The error for Hg, for instance, 
is about 200 times that for hydrogen, so that, for heavy atoms the 
actual values are scattered widely and the curve has little meaning. 

ft. Packing fraction curve. It is this difficulty which induced 
Aston to measure atomic masses with great precision by the use of 

very refined technique of the mass spectrograph and introduce a 

quantity known as the ‘packing fraction in the study of stabi lty o 
nuclei. 

The ‘packing fraction* is simply the mass defect per elemen¬ 
tary particle contained in the nucleus and is given by the ratio of the 
mass defect to the corresponding mass number : P = (M A)/A. 
Such a conception presupposes, in a certain sense, that the nucleus 
ia made up of elementary particles of the same unit mass on the basis 
of oxygen as standard. The packing fraction is the mean gain or loss 
per particle , the term ‘packing* alluding to the idea that elementary 
particles are packed together to form a stable nucleus. Aston, 
plotting the packing fraction P (magnified by a factor 10 4 , since it 
is a very small quantity, the mass defect itself being small) against 
the mass number A, obtained a curve, as shown in Fig. 343, known 
as the ‘ packing fraction curve \ 

It is seen that with the exception of He 4 , C 12 and O 10 which lie 
on a side branch all the other atoms lie on a smooth curve that des¬ 
cends steeply from hydrogen (P x I0 4 = 77*1) to zero in the region 
of A ^ 20, then to a minimum (P X 10 4 & 10) near A xx 50, after 
which a steady gradual rise to recross the zero near A 200. 

The packing fraction and mass defect curves agree in many points , 
as is to be expected. First of all, the greater part of the curve is 
below the zero line with negative values for the packing fraction, in¬ 
dicating thus that there is loss of mass and liberation of energy due 
to ‘packing*. Secondly, the packing fraction has positive values for 
the‘light* and‘heavy* atoms with the same significance as in the 
mass defect curve. Thirdly, the mass defect and hence the binding 
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energy of all nuclei from 0 to Hg is nearly proportional to the mass 
number and hence to the total number of particles in the nucleus, so 



Fig. 343. Packing fraction curve. 

that the binding energy per particle is approximately constant. 

But there are two marked discrepancies between the two curves , 
The first is that the minimum in the packing fraction curve occurs at 
about A = 50, while in the mass defect curve it is at about A = 110, 
although the crossing and recrossing of the zero line are practically 
the same in the two cases. It is of interest to note that the minimum 
of the packing fraction curve lies in the region of iron , one of the 
most abundant, hence most stable of elements in nature, while that 
of the mass defect curve in the region of tin, the element which con¬ 
tains the largest number of stable isotopes. No satisfactory expla¬ 
nation is found for the discrepancy in the position of the minimum 
in the two curves. It maybe due to the uncertainty of the mass 
defect curve or to the supposition underlying the packing fraction, 
viz,, that nuclei are made up of elementary particles of same mass, or 
even, as some think, to the average shrinking in mass of the particles 
when they enter into the constitution of nuclei. 

The second discrepancy is the odd bifurcation at the beginning of 
the packing fraction curve , one branch containing He 4 , C 12 and O 16 and 
the other the rest of the light nuclei from H to Ne 20 . From this, 
several authors and Aston himself have drawn the conclusion that 
He, C and O should be very stable, which is confirmed by the fact 
that they are much more resistant to disintegration than Be, ft, etc. 
More recent and detailed study of the mass defect curve, however, 
has been able to do away with such a bifurcation. A certain periodi¬ 
city of nuclear clustering by four has been found to hold in the case of 
light elements, which have been thoroughly analysed. The mass 
defect curve obtained by such a close scrutiny is of the form shown 
in Fig. 344. If this curve is superposed on the initial bifurcated part 
of the packing fraction curve, the branching disappears, the atoms 
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having masses which are multiples of four falling below the general 
trend ol the curve. This tendency is ina: ked 1 •»r elements up to Ne 


AXIO 3 



and continues somewhat till A, where it almost completely disappears. 
The bifurcation therefore is a misrepresentation of the periodic sepa¬ 
ration of binding energy at intervals of four mass units, which might 
mean that these light nuclei contain ^.-particles (He*) as subsidiary 

units. 


Estimation of binding energy per particle. The packing fraction 
curve enables the binding energy per particle to be estimated in the 
region where the curve is practically linear (t.e., between O and Hg 
roughly). Assuming the nucleus to be built with protons and 
neutrons, let A, Zand M be its mass number, atomic number and 
atomic mass respectively. Let Q be the total binding energy. 


The number of protons and neutrons in the nucleus are Z and 
(A — Z) respectively. Since the total binding energy is equal to the 
mass defect, 

Q = A — M — A. 


Now, if mp and m n be the masses of a free proton and a frea 
neutron respectively, 

Q = M — {Z .mp + (A — Z ).m n } 

= A + A — + A.w* — Z.m n } 

Since m p and m n are nearly equal, ( Z.m p — Z.m M ) may be 
neglected and A.m n replaced by A ,(m H 4 - m p )j2. Hence 


Q = A + A {1 — (m n + m,)/ 2} 

Substituting the values of m* andm^, viz., 1*00893 and 1*00813, 

Q = A + A {l - 1*00853} 

The binding energy per particle = Q/A = (A/A) — 0*00853. 


1 
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Since /\j A in the linear region of the packing fraction cuive is 
nearly constant, equal to — 0 001, 

B.E. per particle = — 0*001 — 0*00853 

= — 0*00953 m.u. 

Converting into energy bv Einstein’s mass-energy relation, the 
binding energy per particle is 

0*00953 x 931 MeV ^ 8*5 MeV. 

With our present knowledge of the accurate masses of isotopes 
spread over practically the whole of the periodic table of elements, 
the binding energy per particle for the different isotopes can be 
readily estimated. Taking, for example, 2 4 Cr 52 , its mass as determin¬ 
ed with mass spectrograph is 51*9569 m.u. The masses of its 
components are :— 

28 neutrons = 28 x 1*00898 = 28*25144 m.u. 

24 protons — 24 x 1*00814 = 24*19536 ,, 

24 electron^ — 24 x 0*00055 = 0*01375 ,, 

Total mas^of components = 52*46055. m.u. 

The mass defect of Cr 52 is therefore 52*46055 = 51*95690 
= 0*50365 m.u. = 0*50365 x 931 MeV = 469 MeV. 

The B.E. per particle in Cr 52 ^ 9 MeV. 

In a similar manner , the binding energy per particle for all the 
other isotopes can be calculated. If the binding energy per particle 
be plotted as a function of the mass number A, the resulting graph 
indicates thaft, apart from certain irregularities among the light 
elements, the binding energy per nucleon increases gradually to a 
maximum value of about 9 MeV near the middle of the periodic table 
and then slightly falls off to about 7*5 MeV’ in the region of the heavy 
elements. Hence it is concluded that the binding energy per particle 
is roughly constant over a large range of A with a * value of about 
8-5 MeV. It may be noted that this near constancy of the binding 
energy per nucleon is in striking contrast to the behaviour of the 
peripheral electronic structure, where the average binding energy per 
electron steadily increases with the number of electrons, as Z 4/3 . 

Y. Binding energy curve . The positive values of both the mass 
defect and packing fraction at the ‘light’ and ‘heavy’ ends of the two 
curves, the periodicity of nuclear clustering by four discovered for 
the light elements and the actual emission of a-particles in both 
natural and artificial disintegrations concur in making the conception 
of a-particles entering the constitution of the nucleus as sub-units 
very probable (alpha-particle model). Based on this conclusion, 
stable nuclei may be regarded as constituted with the maximum 
possible number of a-particles, neutrons and not more than one 
proton. On this picture, for example, i 3 A1 27 is made up ° 

6 a + 2n -f- lp, 83 Bi 209 , 41a + 44» + Ip and so on. 


NUOLEAH STABILITY 


1201 


Calculating the binding energies for these units from their exact 
masses measured with the mass spectrograph, the total binding 
energy for anj 7 given nucleus can be evaluated. 

Now if the total binding energies o different nuclei be plotted 
against the respective mass numbers, a curve as shown in Fig. 345 is 



obtained. Unlike the mass defect and packing fraction curves, the 
present curve descends steadily downwards until the region corres¬ 
ponding to the heavy radioactive nuclei is reached. This means that 
the stability of nuclei is on the increase for all elements except the 
unstable radioelements. As the curve represents pretty closely the 
actual state of affairs, the fundamental assumption on which it is 
based, viz., the a-particlo nuclear model, seems to be valid. But 
serious objections have been raised against this model both from 
theoretical and experimental points of view. 

(Hi) Decay constants of heavy radioactive nuclei. Radio¬ 
active atoms are spontaneously unstable, but the degree of instability 
is not the same for all of them. The decay constant A which may be 
defined as the probability of disintegration of a nucleus in unit time 
is evidently a measure of the stability of that nucleus. If A is small 
the stability is great, since the probability to disintegrate in unit 
time is small. The dependence of A on the mass number A as well 
as on the decay energies has been studied. 

The variation of A with A presents a very complex aspect, which 
in no way conforms to the linear variation of the binding energy 
with the mass number extrapolated in this region. However, it lias 
been shown that the values of the packing fraction which correspond 
to Pb and U according to the curve of Aston agree pretty well with 
those deduced from the energy liberated in the successive transforma¬ 
tions from U to Pb. 

The relation between X and decay energy has been investigated by 
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Geiger and Nuttall in the case of a-disjntegration and by Sargent for 
P-disintegration (Cf. pp. 354 and 363). In both the cases, a direct 
proportionality between A and the decay energy has been found, 
although in p-disintcgration the variation is much more slow than in 
^disintegration. From these experimental data, a general inference 

can J?? made ’ viz - the greater the energy of disintegration the less the 
stability of the parent nucleus against disintegration, 

(iv) Magic numbers. It has been already pointed out that 
nuclei with even numbers of protons and neutrons are more stable 
than those with odd numbers. Elsasser discovered further that 
specially stable nuclei are obtained when either the number of protons 

Z or the number of neutrons N = A — Z is equal to one of the 
following figures : 


2 > 8 > 14, 20, 28, 50, 82, 126 

Tliesc are known as magic numbers. The nuclei for which Z and N 
are 2, 8, 14 and 20 are well known to be more stable than their 
neighbours ; they are 2 He 4 , 8 Oia, and 20 Ca 4a . This calcium 

isotope, containing 20 protons and 20 neutrons is 3000 times as abun¬ 
dant as scandium which contains 21 protons and 24 neutrons. 
Evidence for the numbers 28, 50, 82 can be found by the numbers of 
stable nuclei with a given value of Z (isotopes) or N (isotone 9 ). ft 
is found that stable nuclei occurring in nature in abundance have 
these numbers, but the evidence for the neutron magic numbers is 
much better than for the proton magic numbers. The relative 
stability of 28 Ni 62 indicates that 28 is a magic number. Sn (Z — 50) 
has ten stable isotopes, and six stable isotones each containing 50 
neutrons. Nuclei with 82 of either protons or neutrons are parti¬ 
cularly abundant. The three natural radioactive series terminate in 
Pb (Z = 82) and the most abundant lead isotope 82 Pk 2as has 126 
neutrons. The fourth (neptunium) radioactive series ends at 83 Bi 209 
which has also 126 neutrons. But among the stable elements, there 
is no evidence of any increased stability of nuclei with Z = 82, while 
there is for nuclei with N = 82. Similar evidences have been 


obtained from other sources also, such as the radioactive capture 
cross/sections for neutrons, thermal neutron capture cross-sections, 
fission products, etc. 

The existence of such magic numbers has been interpreted a3 
an indication of a shell structure in the nucleus, i.e., the neutrons and 


protons within the nucleus are arranged into shells, like electrons in 
atoms. Among the lightest nuclei, the peculiar stability of nuclei ot 
the type A = 2Z = 4n, where n is an integer, was recognised a 
an early stage. In fact, this observation and the fact that a-parfcicies 
are emitted by many natural radioactive substances led for a time 
to the belief that the a particle is to be regarded as a fundamen a 
building unit (at least sub-unit) of nuclei, as we have seen above- 
That this is not so in any literal sense is evident among the heavier 
nuclei from the fact that these contain more neutrons than pro n 
and the extra neutrons are just as tightly bound as are the pro ns. 
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the light nuclei, the preference for equal, even numbers of 
and neutrons is accounted for adequately by the shell 

structure. 


Among 

protons 


Maria Meyer in America and Haxel in Germany developed in- 
dependency, in 1950, a quantum theory of the nuclear shell struc¬ 
ture consistent with the empirically determined magic numbers on 
the model of a single nucleon moving in a nearly square well par¬ 
tial and assuming a condition of strong spin-oibit cooping. © 
existence of orbits in the nucleus with well defined quantum numbers 
is possible only if the nucleon is able to complete several revolutions 
in this orbit before being perturbed by other nucleons, in spite ot 
the close packing. There are tvv l o reasons why nucleons 111 ^ 
lowest energy states do not collide and throw each other out of their 
orbits. First, they behave towards each other as centres of force 
and when a number of them are packed together, their individual 
force fields blend to form a rather uniform field. In such a field 
they can settle down into stable orbits. Secondly, for nuclei in their 
ground states, all levels are occupied to the extent allowed y t le 
exclusion principle. If two nucleons change eneigy and momentum 
on collision they must go into states that are of no greater tota 
energy and were previously unoccupied by othej nucleons. But 
since all these states are already occupied, a collision that would 
greatly affect the orbital motions of the nucleons cannot take place. 

The energy states occupied by the nucleons, as derived from 
theory, are as follows : — 



L 
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Each row is a completed shell for either protons or neutrons, except 
the last shell is filled only by neutrons in actual nuclei. In the 
second column, the letter indicates the orbital angular momentum 
(Z value) of the nucleons in the subshell, and the subscript ( j value) 
gives the total angular momentum and thus indicates the spin. The 
multiplicity of a state is equal to 2 j -j- 1. In contrast with electronic 
states, nuclear levels are usually “inverted* * ; for example 2p 3 /a 
always has lower energy than 2pt/ 2 . Inversion exists in orbital 
momentum (Z) as well as the total angular momentum (j ). States 
of high angular momentum (5g f Gh t li) are sometimes divided 
between adjacent levels. The numbers in the third column are 
nucleons of either kind in a completed shell and the last column 
gives the total numbers of nucleons in all filled shells, which are the 
magic numbers. It is to be realised that each shell is limited to a 
certain maximum number of nucleons of a given sort ; when a shell 
is filled, the resulting configuration is particularly stable and there¬ 
fore of low energy. . i 

'Experimental evidence for a very strong spin-orbit coupling of 
the nuclear particles, which confirms this shell structure, is had from 
a consideration of nuclear spin and magnetic moment. According to 
the theory, in the 2 p shell (He 4 to O 16 ), the total angular momenta 
expected are 3 / 2 , 3 / 2 , s / 2 , 3 / a , 1 j 2i 1 / 2 for A = 5, 7, 9, 11, 13 and 15 
respectively just as observed. Again, the spin of all even-even nuclei v 
should be zero—as observed—and that of even-odd (Z even, N odd) I 

or odd-even nuclei should always be that of the odd nucleon— 
again just as observed. The theory has also had some measure of 
success in accounting for the magnetic moments of odd Z, even N 
and even Z and odd N nuclei. The explanation of nuclear isomerism, 
the discontinuity at N = 126 in the binding energy of heavy nuclei 
and the anomalous behaviour of a- and p-emission for nuclei near the 
magic numbers also lend support to strong spin-orbit coupling and 
hence to the shell structure. 

Despite these successes, the shell model is still beset with 
many difficulties, arising chiefty from the number^and complexity of 
the interacting particles as well as from the unknown nature of the 
interactions. The curious duplex behaviour of the nucleus as a 
liquid drop in some experiments and as an open structure with well 
defined shells in others has caused no little perplexity to physicists , 
and the problem still remains not completely solved. By choosing 
a suitably small interaction between the motion of a single par le e 
and collective motions of the nucleus as a whole, it might be possi c 
to explain nuclear reactions as a combined result of both the s e 
and liquid drop-models. 

The results obtained from the investigations concerning the 

stability of nuclei, such as the-stability dependence on the atomic 

number Z and on the mass number A, the linear variation of the 
binding energy with the mass number, the periodicity of the nuclear 
bindings of four, the dependence of decay constant and^ hence the 
stability of radioactive nuclei on decay energies, the magic numbers 
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implying shell structure, etc., appear to be simple laws/ but are not 
easily interpreted. 

Theoretical study of stability of nuclei. Nature of 
intranuclear forces ; (0 Heisenberg-Major ana theory o 

“exchange” forces. Heisenberg and Majorana proposed, in L933, 
a theory of nuclear forces, based on the proton-neutron constitution 
of the nucleus and a suitable combination of the liquid drop and 
shell models, which was able to explain several of the experimentally 
observed facts concerning the stability ol nuclei satisfactorily though 

y* not completely. 

In order to account for the stability of nuclei built up with 
protons and neutrons, it is necessary to admit the existence of certain 
cittractive forces between these constituent particles. Only three 
kinds of attractive forces can be conceived in the nucleus, viz., 
neutron-neutron (n — n ), neutron-proton (n — p) and proton-proton 
It (P — P) interactions. Although the resultant nuclear force must be 
one of attraction, yet there is a great probability of the electrostatic 
repulsive forces between individual protons, bet the mutual poten¬ 
tial energies corresponding to three attractive forces he 

— I M „ { r ), — In* ( t ) and \pp ( r ), 

the — ve sign being used to emphasize the attractive nature of the 
forces, and r being the average distance between the respective 
' pairs of particles. The potential energy due to the Coulomb repul- 
* sion between two protons is -1- 6 2 / T * 

We know from actual observation that in the case of light 
nuclei the ratio between the numbers of neutrons and protons 
[njp — {A — Z)/Z] is approximately unity, while for heavier nuclei, 
it is greater than unity, increasing somewhat with increasing mass 
. numbers. This indicates, in a general way, that there is a relation 
between the stability of nuclei and the relative number of neutrons and 
protons in them. The relative number of neutrons and protons in 
the most stable among nuclei of a given constant A (= n + p) but 
varying Z (= p) can be determined by the condition that the 
, nuclear binding energy is a maximum, for, then alone the internal 
nuclear energy will be a minimum corresponding to the most stable 
' system. 

Now considering each of the above-mentioned interactions 
(n — n, n — p and p — p) separately, since the contribution to the 
total intranuclear energy from each is negative , it is obvious that 
acting independently, each would tend to increase the number of 
corresponding pairs of particles in the nucleus, tor thus alone the 
internal energy will be diminished and approach the condition of 
maximum stability, viz., minimum potential energy. 

, c Thus, the n — n interaction alone would tend to increase the 

e neutrons up to the limit n — A and p ~ Z — 0, which means to 

ir say that the most stable nucleus would be composed of neutrons axclu - 

[6 


* 
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tvely. Such a conception is evidently against the proton-neutron 
constitution, and no existing nuclei are built with neutrons alone. 

Similarly, the p — p interaction alone would increase the num¬ 
ber of protons until n = 0 and p = Z = A to obtain the condition 
of maximum stability. But this also contradicts facts; for, then, 
stability would not occur for roughly equal number of protons and 
neutrons. Besides, the limiting case of maximum stability, stated 
above, goes completely against the very conception of proton- 
neutron constitution of the nucleus. Moreover, the repulsive forces 
between protons tend always to diminish the number of protons in 
any nucleus, since they are associated with positive potential energy. 

Finally for the n — p interaction alone , the state of least internal 
nuclear energy and consequently most stable is given obviously by 
n = p or A = 2Z, since thus alone maximum number of correspond¬ 
ing pairs is had. And this is also what actually occurs in the exist- 
ing most stable light nuclei, i.e,, equal number of protons and neut¬ 
rons, Hence, the main part of the nuclear binding energy must 

be ascribe* 1 to n — p interaction and not to n — n or p * P 
interaction. 

In consequence, the most important nuclear force is that 
of n — p interaction, while the n — n and p — p attractive forces 
are either vanishingly small or approximately eq'ual to each other , the 
latter hypothesis being suggested by the experimentally observed 
rule n p. The relative increase in the number of neutrons in the 
stable heavier elements may be due oither to the predominance of 
n — n attractive forces over p — p attractive forces or to the 
Coulomb repulsion between protons which predominates over the 
p — p attractive forces. The latter alternative appears preferable 
since the existence of large Coulomb forces is required to explain the 
details of the spontaneous emission of positive a*particlcs by heavy 
nuclei. 

The above conclusions may be analytically expressed as 

^nP ( V ) ^ Inn ( ^ ) Or Ipp ( T ), 

( r ) ^ Ipp ( r ) 

They are in good agreement with more particular evidence sup¬ 
plied by the simplest existing nuclei. The combination of one neu¬ 
tron and one proton represents a stable nucleus jD 2 , whereas the 
forces between two neutrons or two protons are unable to achieve 
stability, since the system 0 n 2 or 2 H* are unknown. 

The nature of the neutron-proton interaction. The p? e ' 
cise nature of the n ~~ p interaction, which plays a predominant role 
in the stable nuclear structure has been determined as follows :— 

In general, between a neutron and a proton there must be a 
very considerable attractive force at close range to make the formation 
of the nucleus possible. Furthermore, this attractive force cannot be 
electrical in nature, i.e . 9 it should be a non-Coulombian force , since 
uncharged neutron is involved and the electrostatic force is far too 
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weak ; gravitational force is weaker still and hence cannot account 
for the interaction of nuclear particles. 

Heisenberg succeeded further to show that the n — p attrac¬ 
tive force has the character oi'exchange' force , analogous to chemical 
binding forces, by the following line of reasoning : 

A nucleus resembles a drop of liquid in several ways. Ifiist of all, 
there is experimental evidence that the nuclear radius varies approxi¬ 
mately as the cube root of the mass number which means that the 
volume of the nucleus is proportional to the total number of particles in 
it . We know that the volume of a drop of liquid is proportional to 
the number of atoms contained in it, each atom occupying about the 
same volume. Thus the density of a nucleus is nearly constant as in 
^the case of a liquid drop. The fact that the density does not change 
much when one more particle is added implies that the interactions 
between particles in the nucleus are very limited in range , so that the 
addition of a partic e affects only those near it. This is analogous to 
the cohesive surface tension forces in a liquid, while the electro¬ 
static repulsive forces in the nucleus would correspond to the dissipa¬ 
tive forces acting between the constituent molecules in the liquid. 

Secondly, it is also found that the mass defect and hence the 
binding energy of the. nucleus increase linearly with increasing number 
of particles. This fact may be compared to the behaviour o a liquid 
drop containing many'atoms where the total chemical binding 
energy is sensibly proportional to the number of atoms present. 

Guided by this analogy between the nucleus and a drop of 
liquid, chiefly as regards the binding energy, and considering the pos¬ 
sible types of chemical binding, viz.. Van der Waals , polar and homo- 
polar, Heisenberg showed that the last-mentioned homopolar binding 
alone fits best in the nuclear scheme . This type of binding is most 
clearly represented by elements like hydrogen/ There is a strong bind¬ 
ing between two hydrogen atoms forming a molecule. A third atom, 
ht ?ever, would not be strongly attached to the hydrogen molecules 
which means that che If 2 molecule is saturated by a pair of atoms. 
On account of the saturation character of the binding, an assembly 
of many hydrogen atoms into a drop of liquid hydrogen has an 
energy approximately proportional to the number of atoms. Now, 
if we assume forces between the nuclear particles which show satura¬ 
tion in much the same way as the forces of homopolar binding, we 
obtain the correct dependence of binding energy on the number of 
nuclear particles, viz., linear proportionality between the binding 
energy and the mass number. It is chiefly the saturation property , 
which makes each particle to interact only with a small number of 
neighbouring particles, that is important in the analogy. If, on tho 
other hand, every particle in the nucleus is assumed to interact with 
all the other particles, the interaction energy and therefore the bind¬ 
ing energy would be roughly proportional to the square of the num¬ 
ber of particles, contrary to observation. 

Heitler and London have shown that the forces of homopolar 
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binding are of the “ exchange” type, i.e. t due to the exchange of elec¬ 
tron from one atom in the molecule to the other and that they are 
attractive , very rapidly decreasing with increasing distance. The speci¬ 
fically nuclear forces are somewhat of this nature, i.e. t attractive, 
very rapidly decreasing with increasing distance from the centre of 
the nucleus. More than this, as we have already said, (Of. p. 1130) 
in the proton-neutron nuclear model, the conservation of electric 
charge requires the assumption that the emission of an electron from 
the nucleus be associated with the transformation of a neutron into 
a proton and similarly the emission of a positron be associated with p? 
the transformation of a proton into a neutron. This shows that tho 
interaction between neutron and proton takes place by the exchange 
of electric charge between them , very similar to the mechanism of the 
chemical homopolar binding. 

Hence it may be legitimately assumed that the predo¬ 
minant attractive forces in the nucleus are of the typo of 
exchange forces betw een the neutrons and protons, which 
show saturation. It is to bo noted that the chemical analogy 
must not be followed too closely, however, since the behaviour of 

electric charge in the interaction of nuclear particles cannot be des¬ 
cribed in the same way as in the case of interaction between atoms. 

But the analogy brings out the mam features of the n — p inter¬ 
action. 


w 


Major ana’s improvement. The number of protons with 

a neutron can interact and vice versa depends on the special ^ 

assumptions concerning the 
type of exchange which takes 
place between the two parti¬ 
cles. Heisenberg first assum¬ 
ed , by analogy with molecular 
interaction, that only cX 




V/IJ CVligV V* - V 1 

place between neutrons an 
protons. This hypothesis was 
modified by Maiorana, w o 
supposed that both c **f r &* 
and spin of the particles 
34li - («) Hoisenborg’s original hypo- exchaneed. The two 

thesis • ( b ) Muiorana's improvement. dlc , * :ii,.«tratpd in 

hypotheses are illustraicu 

Fig. 346. From the first (a), it would follow that a deuter0 ^ ( ^ hG 
represent a saturated shell, whereas according to the secon( ( '• j 
shell will be completed only for an a -particle. However, cx P eI V .. | e 
values of the binding energies of douteron (2 MeV) and a-p 
(28 MeV) show that a-particles and not dcuterons possess an - ^ 
tionally high stability. This is in favour of Majorana s type 
change, which was later adopted by Heisenberg himself. ^ 

Considering the a-parbicle which contains 2 neutrons an _ J ^ 
tons, it is seen that the forces between neutrons and protons ^ ar e 
such that they are saturated when 2 neutrons and 2 pro 


/ 
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brought together and are practically nil when a third neutron or 
proton is placed in the neighbourhood of the first 4 particles. ow 
2 neutrons and 2 protons can. on account of Pauli’s principle, just o • 
placed into the same quantum state as regards their motion in space, 
due to the possibility of two different orientations of spin. . ** ® 

the average binding energy per particle in the stable region is 
MeV, it is only 7 MeV in the case of the a-particle. In our analog} , 
this .means that 7 MeV of the 8 5 MeV are duo to the‘ chemical 
binding” of the molecule He 4 , while the remaining l o MeV is to be 
attributed to “Van der Waal forces'* between the a-particles which 
are an attraction at large distances and a repulsion at small distances 
giving something like mutual impenetrability of two a-particles. 
There is no special difficulty in introducing the Van der Waal type 

of force in this way, since they also give an energy proportional to 

the first power of the number of particles. 


It remains to be said that no exact proportionality between the 
binding energy and the number of particles is to be expected . Not only 
will there be irregular variations depending upon the special struc¬ 
ture of any particular nucleus, but also a regular trend towards 
slightly increasing binding energy per particle with increasing size o 
nucleus. This effect is analogous to the surface tension of a drop of 
liquid. The atoms on the surface of the drop do not receive the full 
attraction which atoms in the interior would and do not therefore 
contribute their full share to the binding energy. The same is true 
for the particles at the surfaco of the nucleus. Since the number of 
the surface particles as a fraction of the total number of particles 
decreases when tho total number increases, one should expect a 
slight increase of the binding energy per particle with increasing mass 
numbers, as observed in tho case of light nuclei. 

The electrostatic repulsion. So far we have neglected the 
electrostatic repulsive forces between the protons in the nucleus. 
In can be shown that the positive potential energy due to this repul¬ 
sive force is 0*25 MeV, which is, indeed, negligible compared with the 
average binding energy per particle, viz , 8*5 MeV. However, because 
of the saturation character of the intranuclear forces, the Coulomb 
repulsion between the protons becomes important for heavy nuclei. 
For, the Cotilomb force , of course , shows no saturation . Hence the 
total energy of the Coulomb interaction need not be proportional 
to the first power of A (mass number). In fact, it can be shown 
that the electrostatic energ 3 r is proportional to A S/3 . Hence the rela- 
tivc importance (if tho electrostatic force increases, with increasing 
mass number as A 2 / 3 . The binding energy per particle will therefore 
decrease, on account of the electrostatic force, with increasing mass 
numbers as is actuallv the case witli heavier nuclei. This works in 

* fer 

the opposite direction from the “surfaco tension” effect stated above. 

Explanation of the experimentally observed facts on the 
basis of the proposed theory. With the picture of nuclear inter- j 
action forces delineated above, it i9 possible to obtain a satisfactory 
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explanation of many of the experimental observations concerning 
the stability of nuclei. 

(i) The approximate empirical rule A = 2Z in the case of light 
nuclei arises from the fact that the predominant nuclear force is due 
v? n ~ P interaction, for which the condition of maximum stability 
is n = p or A — 2Z. The deviation from this rule for stable heavier 
nuclei is explained by the electrostatic repulsive forces between pro¬ 
tons in the nucleus which tend to reduce the relative number of pro-* 
tons, which means n > p or A > 2Z The ratio n/p — (A — Z)/Z 
increases gradually from unity for light nuclei to 1*0 for uranium. 

( n ) The. approximate linear proportionality of binding energy 
tvith mass number is due to the * saturation* character of the nuclear 
forces, while the deviations from the above law are understood on 
the basis of the so-called ‘surface tension’ effect in the case of light 
and medium nuclei, and of the ‘electrostatic’ effect for heavy nuclei. 

(Hi) The probable existence of a-particles in the ?iucleu$ as sub* 
units, as indicated by experimental observations, such as the great 
abundance of sta ble isotopes, whose mass numbers are multiples of 
four, with a periodicity in their binding energies, at least in the case 
of the lighter among them, the spontaneous emission of a-particles 
by unstable radioactive nuclei, etc., finds an explanation in the 
saturation of the nuclear forces by 2 protons and 2 neutrons on the 
basis of Majorana’s type of exchange of both charge and spin, in 
accordance with Pauli’s principle. 


(m) The stability dependence on mass and atomic numbers. Nuc¬ 
lei of even A and even Z contain even number of neutrons and even 
number of protons, whereas nuclei of even A and odd Z contain odd 
number of protons and odd number of neutrons. Since the former 
are much more abundant (154 isotopes) and hence much more stable 
than the latter (only 4 isotopes) and since stability increases as the 
internal nuclear energy decreases, we get the empirical rule that even 
number of protons and neutrons lead to a lower total energy of the 
nucleus than odd numbers. This rule expressed differently means thav 
a pair of neutrons or protons has much the same function in nuclear 
physics as closed shells in atomic physics, in so far as it leads to a 
specifically low energy of the system (nuclear shell model). That two 
neutrons or two protons ma.y form a ‘closed shell 1 is plausible, because 
two particles with opposite spins may occupy the same quantum 
state with respect to orbital motion according to Pauli’s principle. A 
third neutron or proton would have to go into the next higher quan¬ 
tum state and would therefore be less strongly bound. If i s her^ 
legitimately assumed that every state of orbital motion of a neutron 
or a proton has its own discrete energy, differing from the energy o 
all other states. With these data, it is quite easy to understand the 
experimentally observed dependence of stability upon the mass an 
atomic numbers. 

Considering any nucleus of even A and even Z, which may be 
called the 4 ‘standard nucleus”, there will be in it certain energy 
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levels for neutrons and other levels for protons. Each of these levels 
is completed by and hence can take only two particles. In our 
standard nucleus, therefore 1 / 2 Z lowest proton levels and 1 / 2 (A — 7\ 
lowest neutron levels are occupied. Of the unoccupied empty levels, 
either the lowest proton or the lowest neutron level will ho lower. 

Now, if a stable nucleus of mass number (A + 1) be construct¬ 
ed by adding a proton or a neutron to the standard nucleus, it will 
have (Z + 1) protons and (A — Z) neutrons, if the proton level is 
lower of the two lowest unoccupied levels or Z protons and 
(A - Z 4- 1) neutrons, if the neutron level is lower. Both cases w ill 
occur with about equal probability. Therefore one can expect that 
for odd A, nuclei with even Z are about as numerous as those with odd 
Z. This is actually the case, since of nuclei with odd A, 55 have even 
Z, while 52 odd Z. Thus one ol the observed facts is explained. 

Let a second particle be added to the standard nucleus. If the 
first unoccupied neutron level in the standard nucleus lies lower than the 
first unoccupied proton level t the most stable nucleus of mass (A + 2) 
will be obtained b} r adding two neutrons to the standard nucleus, so 
that its atomic number remains the same Z. The addition of one 
neutron and one proton will lead to a less stable nucleus of atomic 
number (Z -p 1), since the proton level lies higher ; the addition of 2 
protons will give rise to a nucleus of atomic number (Z + 2), which 
will be even less stable. Conversely, if the proton level is the lower of 
the two first unoccupied levels , the most stable nucleus of mass number 
(A + 2) will be obtained by adding two protons so that its atomic 
number is (Z 4* 2), a less stable one with (Z 4- 1) by adding one 

proton and one neutron and the least stable with Z by adding two 
neutrons. 

Thus, in both cases, the most stable resulting nucleus of mass 
number (A -J- 2), hence, even, has an even atomic number, in one case 
Z the same as that of the standard nucleus, in the other (Z 4- 2). In 
no case will the nucleus of even mass number (A +2) and odd 
atomic number (Z -p 1) be the, most stable. Hence it is that isotopes 
of even mass number and even atomic number are the most abundant , 
while isotopes of even A and odd Z are rare . Thus another important 
experimentally observed fact is explained. 

The existence of the only four stable light nuclei of even A and odd 
Z {e.g. y t H a , a Li 6 , 5 B 10 and ? N 14 ) can be accounted for as follows. If 
the added proton and neutron would move in the same quantum 
state more or less they would have a strong interaction, because of 
the 'saturation* characters of the n — p forces. But this condition is 
secured only when equal number of proton and neutron levels are 
occupied in the standard nucleus, in other words, when the standard 
nucleus contains exactly equal number of neutrons and protons. 
This is then true also for the nucleus which is formed by adding a 
proton and a neutron to the standard nucleus. Hence nuclei of even 
mass number and odd atomic number will be stable only if they con¬ 
tain exactly as many protons as neutrons. This is the case with all 
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lt.i^LTr le T'u'* r hich are lighfc ' in fact tlie latest possible of 
th*t f ° r . WhlCh a ]° ne can the nu mber of neutrons be equal to 

rpnnlain *1 ° ° nS : L *^ S soon as the nuclei get heavier, the Coulomb 

the „„JL 6 T een * 6 ^ ro ^ ons begins to get appreciable and to make 

nnelenQ ti° Hfi* ron . S S rea ter than that of protons in any given 

imn!? fi «fh- T ‘™ the existence of nuclei of even A and odd Z becomes 
mpossib e. This is true already for A = 18, for which Z equal to 

b rather than 9 leads to a stable nucleus, e.g., 8 0 ]8 and not 9 F«. 

... r { V ) Explanation of natural radioactivity. The fact that elements 

i - 1 J ( ° 11 0ccur in nature can be easily understood on the 

asis o ie proposed theory. A nucleus containing more than 92 
pro ons > even if it contained the most favourable number of neutrons 
^ou ( presumably break up owing to the preponderant influence of 
tne repulsive forces between the protons. In Uranium (Z = 92) 
am t lorium (Z — 90) such a process of disintegration actually 
occurs although at a slow rate due to the even Z; protactinium 
y .7 ' is much rarer and disintegrates much more quickly, since 

4 is «c c Stability is not readied until Z lias come down to 83 
(bismuth). 


a •disintegration. Under these conditions of instability, that it 
is a-particles that are ejected from the nuclei and not single protons 
or neutrons is evidently due, according to the theory, to the fact 
t lat the energy which is necessary to separate two protons and two 
neutrons from the nucleus is smaller than the binding, energy of the 
a-particle ; for, in such a case, the nucleus will be more stable by 
getting rid of the a*particle than by retaining it. Quantitative treat* 
ment of the problem shows that nuclei of mass number higher than 
120, .should, on the whole, be unstable against a-decay. The stabi- 
lit}' limit will, however, be shifted to slightly higher mass numbers, 
if the 'surface tension effect is taken into account, but only to 
A = 147, Why, then, has actual a-radioactivity been found only 
for much higher mass numbers, the lowest observed being 210 (Po) £ 
The answer to this question is contained in the experimentally 
observed Geiger-Nuttall relation, according- to which decay cons¬ 
tants increase very rapidly with increasing energies of disintegration. 
From this it follows*that a nucleus is practically stable against 
a*decay, if the decay energy is not very great, although not perfect¬ 
ly stable. Indeed, no a-particles of energies less than 2 MeV have 
been actually observed. This explains why only nuclei heavier than 
about 200 have an observable a-radioactivity. A notable exception 
is the isotope samarium (Sm 147 ) which is accounted for by its ex¬ 
tremely small decay constant or long life-time. Because of th® ex¬ 
tremely long life-times oxpected for low energy a-emitters, it is al¬ 
most certain that some of the elements that we regard as stable 


actual J}' do emit a few a^particles. 

p- disintegration* As successive a-parfcicles are emitted, thereby 
decreasing equally the number of neutrons and protons in the 
nucleus, the ratio already greater than unity, becomes still 

; it may become so great that neutrons are forced to turn 
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into protons with the emission of electrons and thus bring the ratio 
nfp nearer its normal stable value. This explains the occurrence 
among the natural radioactive elements of the emission of electrons 
and never of positrons. 

But the proposed theory gees further and reduces the emission 
of electrons and of positrons to single elementary processes, viz. y the 
neutron is transformed into a proton by the exchange of electric 
charge, i.e , by the emission of energy and the consequent liberation 
of a negative charge ; or the proton is transformed into a neutron b}' 
the exchange of electric charge also, but this time by the absorption 
of energy and the consequent liberation of positive charge . The con¬ 
ditions under which the emission of the two types of electrons takes 
place are : electron omission occurs energetically if the energy of the 
original nucleus is higher than that of the product nucleus -|- me- ; 
energetic positron emission will take place if the energ 3 r of the 
original nucleus is greater than that of the product nucleus — me 2 . 

Radioactivity oj the neuiron. We have already seen (c/. p. 96$) 
that neutrons in the free state are radioactive with p-decay having a 
half-period of about 780 secs. This fact is a direct confirmation of 
the hypothesis discussed above which states that ^-disintegration 
and disintegration accompanied by the emission of positrons (and 
also 'K-capture) are the result of transformations taking place inside 
nuclei, of neutrons into protons (p-decay) or protons into neutrons 
(positron decay, K-eapturc). For, the question that naturally arises 
is : cannot such transformations happen to the two particles in the 
free state ? Is it possible to observe directly the transformation of a 
proton into a neutron or a neutron into a proton. To answer this 
question, let us compare the masses of the particles concerned : 

proton mass m p — 1 00758 
neutron mass m n = 1*00893 
positron mass m+ ~ 0*00055 

This comparison shows that the mass (and energy) of a neutron 
and positron is more than the mass (and energy) of the proton by 

(m„ -f m+ — m p ) = 0 0019 m.u . = 1*8 MeV 

This is the reason why a proton cannot “of itself”, i.e., in “a free 
state” convert into a neutron and positron. Such a transformation 
requires that an energy of 1*8 MeV be given to the proton. But in 
a nucleus that possesses excess energy, a proton can, by interaction 
with other nuclear particles, acquire the energy required for trans¬ 
formation into a neutron. Hence free protons cannot bo radio¬ 
active but stable as actually found. The situation for neutrons is 
quite different. The mass of a neutron is more than that of a pro¬ 
ton ; it is even more than the combined masses of a proton and an 
electron by an amount 0 0008 m.w. or 0*8 MeV. This means that in 
the transformation n -» p + e“, 0*8 MeV energy should be released. 
Hence the spontaneous transformation of a free neutron into a proton 
is possible. The surplus energy is taken up by the emitted electron, 
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which should therefore appear with an energy of 0-8 MeV. This 
spontaneous conversion of a neutron into a proton, i.e.\ the radio¬ 
activity of a free neutron is not only possible, but is inevitable for 

we know that a system that possesses excess energy tends towards a 
state m which its energy is a minimum. 

Thus Heisenberg and Majorana,on the basis of non-Coulombian 
short range attractive forces between the protons and neutrons, of 

the form Ae ~ r > r and of the exchange type, endowed with saturation 
property very similar to the chemical homopolar binding forces, 
were able to interpret satisfactorily many experimental facts con¬ 
cerning tho stability of nuclei. While we have here followed a 
simple and qualitative lino of argument, the authors themselves 
have given a more complex quantitative treatment. 

Theory of the deuteron. As an illustration of the qiiantita- 
tive treatment of the theory proposed, we shall briefly consider the 
ease of the simplest compound nucleus, the deuteron. 

The deuteron consists of a proton and a neutron. The binding 
energy o t lese nucleons, as determined by photo-disintegration ex- 
penments, is 2 ~ MeV, and the protons ejected by the disintegration 
lave, ecu i entilied (6 j. p. 947). Tho presence of the neutron in the 
deuteron structure has been directly demonstrated in the “exchange 
reactions of the Oppenheimer-Phillips (O-P) type (Cf. pp 944-6). 
The experimentally found value of unity for the spin of the deuteron 
( ) proves that the proton and neutron spins are parallel in the 

ground state of the deuteron ; in spectroscopic notation this state is 
a triplet ( 6). The range of the proton-neutron force, as revealed by 
neutron proton scattering experiments, is very small, of the order of 

^ 13 cm * Although little is known about the exact dependence 

of this force on the distance, the force is usually regarded as deriv- 

able as the gradient of a potential. 

Making the simplest possible.assumption that the two particles: 
in the deuteron are acting on one another with a central force having 
the potential energy V(rJ, the problem can be dealt with as a two- 
body system of wave mechanics. 

The wave equation for the relative motion of the proton and 
neutron in the deuteron may then be written as ~ 

. . 47t 2 M 

VV 4-p— { E — V( r )} ^ — 0 ... (1) 

where 0 is the wave function for the *S ground state, M the reduced 
mass of the two particles involved, which is given by m H mp/(ni n + »*>)> 
m n and mp being the masses of the neutron and proton respectively, 
but reduced, in the present case, to the average mass of the two 
particles, since their masses are practically equal, JS the total energy 
of the system, which is numerically equal to the binding energy of 
the deuteron and V(r) the central potential. 

Since it can be inferred from the neutron-proton scattering 
experiments that the range of the pro ton-* neutron force is small com- 
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I>ared with the do Broglie wavelength r(,r 1 r ' T:l • ; 1 ' ' l< 1,1 ’ 

energy of a nucleon, the exact dependence of the potential V on the 
distance will not matter much. Hence, let us first try a simple law 
for V(r) which is represented by a “square-well”, ue., a potential 
with a constant negative value up to a certain radius and vanishing 
thereafter. With such a potential-well, 

V(r) = — V 0 , for r < a 
= 0, for r > a 

where cl is of the order of 2 x 10 13 cm. as the proton-neutron 
scattering experiments indicate. 

Since V(r) is spherically symmetrical the ground state will be a 
S-state. Assuming that in the ground state the orbital angular 
momentum is zero {l = 0), we look for a spherically symmetric 
solution to the equation ( i), of the foi m </*(/*) == u(r)jr i the absolute 
square of u(r ) reprosenting the relative probability of a separation r 
between the proton and neutron in the deuteron. 

The wave equation (l) may be written as two separate equa¬ 
tions for the two regions of r, remembering however, that the factor 
{E — V(r)} is constant in both regions, being equal to (E + V 0 ) for 
r < a and to E for r > a. They are :— 


d l u(r) 
dr 2 


“h 


47T 2 M 

~~P“" 


(W '+ V 0 ) u(r) = 0, for r < a 


* » • 


( 2 ) 


d 2 u(r) 



4tt 2 M 

“P” 


W u(r) = 0, for r > a 


* * * 



where W ( = — E) is the binding energy, (— 2 2 MoV). 

Since the deuteron is a bound system with W = — 2 2 MeV, 
we have now to look for solutions which correspond to stationary 
bound states and for which W, the total energy, is negative, subject 
also to tho boundary conditions, viz., u(r) 0 as r -> 0 and 

^(rWr 0 as r -> oo , and the continuity condition at r — a. 


The required solutions are :— 

For equation (2), t.e., r < a, 

u(r) — A sin kt ... (4) 

where A is an arbitrary constant, and 

k = J-VM (W + Vo) 

For equation (3), t.e,, r > a, 

• u{r) = Be~ 0tr ... (5) 

where B is another arbitrary constant, and 

« = ^VM(- W) . 

A simple relation between the two signilicant parameters, viz., 
V 0 , the depth of the potential well and a, the range, is next obtained 
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by using the continuity condition at r = a, i.e., by equating the 

values and first derivative of u of the two solutions (4) and (5) at 
r ttz a. Thus, 


A sin ka = Be~ 0ta 
Ak cos ka = — Bae"* 0 

Dividing (7) by (6), . 

k cot/ ka — — a 



or cot ka = — — 

k 

Substituting the values of k and a, we get 


cot 



remembering that W is negative. 



By assigning a reasonable value for a ( = 2x 10“ J3 cm.) and 
using the experimental value of W ( = — 2 2 MeV), the above equa¬ 
tion (8) readily gives a value for the depth of the potential-well as 
V 0 ^ 21 MeV, which represents the potential energy of the neutron- 
proton bond,in the ground state of the deuteron. 


It can be shown also that no bound excited S-states can exist 
in the deuteron. For, the value of 



is a small negative number already for the ground state. The value 
of ka must bo slightly greater than tt/2 (ground state) or slightly 
greater than 37T/2 . 5tt/ 2, etc. (excited states). Now, from the expres¬ 
sion for k , we have 


W — V n — ~ {—H — 21 5-2 (ka) 2 

0 (-lira) 2 ’ T - 5 J { a) 

where the energy is in MeV, No value of (ka ) 2 corresponding to the 
excited states is seen to be admissible, as W has then to be positive 
for bound states. 

The structure of the deuteron in ’ the light of the above treat* 
rnent is diagrammatically represented in Fig. 347. A striking feature 
is that only a single bound gjtate exists within the potential-well of 
depth of 21 MeV. Its binding energy is 2*2 MeV. The wave function 
tf/'f or the 3 S ground state with energy E x together with 4nr 2 | $ I* 
which gives the relative probability of a separation r between the 
proton and neutron in the deuteron are also shown in the figure. 
About 40% of the area under 47 rr 2 f tp j 2 is outside the potential - 
well, drawn according to Yukawa’s theory, where 

•A 
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( Cf . below) showing that the deuteron is a loosely bound structure. 
However, when r > r 0 , the n — p force is still attractive as seen 



from the slope of V (r) curve in this region. The lowest singlet state 
! S of the deuteron lias energy E 2 = + 0*05 MeV ; lienee this state 
does not correspond to a stable structure. But, mecasurements of the 
absolute cross-section in neutron-proton scattering experiments yield 
values much larger than can be accounted for in terms of interaction 
in the 3 S ground state alone. Hence the ] S singlet state must also be 
effective (Cf. below). 

Consideration of the magnetic moment of the deuteron, which 
is not exactly the sum of those of a neutron and a proton 
(Cf. p. 1191) shows that the ground state cannot be a pure S-stato 
(l — 0), but must have an orbital angular momentum (l 0). This 
implies, in its turn, that the proton-neutron force cannot be entirely 
central, as assumed in the above theory ; for in such a case the state 
of the lowest energy would bo necessarily a pure S-state. Hence the 
n — p interaction includes a non central force in addition to the 
predominant central force. 

The ground state of the deuteron is thus a mixture of states of 
different angular momenta. As the total angular momentum of the 
deuteron gives I = 1, the orbital contribution must correspond to 
l = 0, 2, ... T1 )is means a small admixture of T> state (l = 2) occurs 
along with the predominant 3 S in the ground state of the deuteron. 
Additional evidenco that the deuteron ground state departs from 
spherical symmetry of central forces is provided by its electric 
quadrupole moment (Cf. p. 1181). This moment is zero for spherical 
charge distribution, as already indicated (Cf. p. 1168) and its finite 
value in the deuteron (Q = 2 73 x 10" 27 cm. 2 ) proves that the proton 
and neutron in it must have some relative orbital motion to maintain 
the average ellipsoidal shape Required to give a finite quadrupole 
moment. By assuming a proper mixture of central and non-central 
forces of * ‘square-well * * shape, it is possible to explain quantitatively 
all the properties of the ground state. It may be further noted that 
altsiough the deuteron is the only nucleus which admits of a reason¬ 
ably exact solution, many features of the deuteron occur in more 

77 
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complex nuclei and an understanding of this comparatively simple 
case is useful in the study of other more complicated cases. 

*”) Yukawa’s “meson field” theory. The theory of Heisen- 
erg and Majorana "was soon found, however, incapable of surmount¬ 
ing certain serious difficulties as the 
following :— 

(а) Experiments carried out on the 
scattering of neutrons by protons show¬ 
ed that attractive forces operate bet¬ 
ween these particles within the short 
range of 10" 13 cm., as predicted by 
theory, but the results obtained were 

not decisive as regards the Ae~^ r law 
governing the force. 

(б) Fermi, in 1934, worked out a 
tentative theory of p-disintegration on 
the basis of the Heisenberg and Majo¬ 
rana exchange force between the two 
nuclear particles, from which it was 
possible to calculate the p^decay periods 

Prof. H. Yukawa and also the binding energy between 

the proton and neutron. It was, how¬ 
ever, found that there was complete discrepancy between calculations 
based upon observed p-decay and those based upon binding energies 
derived from the mass-defect of deuteron. 

(c) The net magnetic moment of a free proton as experimental¬ 
ly observed exceeded the value expected from theory. 

(d) The neutron, although uncharged, was experimentally found 
to possess a negative magnetic moment. 

Yukawa, in 1935, in an attempt to remove these difficulties, 
modified the theory in the following manner. A new kind of field, 

known as the “ meson field ” (analogous to the electromagnetic field 

involved in the interaction of charged particles— cf. p. 1092) was in¬ 
troduced to represent the exchange force between a proton and a 
neutron. This field was governed by a modified Jaw of the form 

(Ae ~ rir ) I r. Treating mathematically this type of field on the aualogy 
of electromagnetic waves the appropriate wave equation representing 
the law was found to be 




where TJ 2 v — d 2 ojdx 2 + d 2 vjdy 2 + d 2 vjdz 2 , v = (Ae -73f ) / r *j r l " * 
new universal constant, equal to 0 3 to 0 5 X 10 13 cm. 1 (reciproca 

of length) and c the velocity of light. 

A plane wave propagated along the X-axis is represented by 
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Hence 


d 2 v 
da r* 


4tt* , d 2 v 
—— v and rx 
A 1 df 2 


475*^ 


Substituting these values in Yukawa’s wave equation for the 
plane wave considered above, we get 


4-n* 
— v 
A3 


* * 


V 

c 


mm 


y\ 2 v -- 

2n) 


4 7C 2 V 2 V — 0 


2 


« • * 


• * * 


( 2 ) 


According to the quantum theory, the energy E and the mo¬ 
mentum p associated with the wave are given by 

E — Av, p — hv/c — hj A 

Relation (2) therefore be written as 

E A 2 _ . lhr\ 


V z + 


2k 


* • * 


... (3) 


In the theory of relativity , the energy E and momentum p of a 
particle are given by : 

E = me 2 = m 0 c 2 / (1 — u 2 /c 2 ) 1 ! 2 
p = mu = / (1 — tf/c 2 ) 1 ! 2 

From these two expressions, we find 

^ — p 2 -\- m 2 c~ ... ...(4) 

Comparing relations (3) and (4), we see that the particle associ¬ 
ated with the wave in question has a rest-mass given by the relation 
m 0 —- hr] j 27rc. Inserting for v\ the value given above, the mass m 0 
was found to be 130 to 200 times the electronic mass, thus predicting 
a new particle of mass intermediate to the masses of the electron 
and proton, now known as the ‘ meson ’. 

Yukawa argued that the exchanging particles producing the 
exchange forces between the protons and the neutrons were not elec- 
trons , positive or negative, as was supposed by Heisenberg and 
Majorana, but mesons positive or negative. The nuclear process of 
p-disintegration was then represented not by p e -> n, but by 
p p —► ti, where p is the meson. In order to explain adequately 
p*decay, he further assumed that the meson spontaneously disinteg¬ 
rated, its decay being represented by p e -f- neutrino. If the ori¬ 
ginal meson was positively charged the decay particle was a positron; 
if it was negatively charged the decay particle was an electron. Since 
the electronic mass was very much less than that of the meson, the 
electron must be ejected with high energy equal to the loss in mass. 
The neutrino had to be introduced, following Pauli’s idea, to account 
adequately for the continuous nature of p ray spectrum. Since the 
neutron and proton had half integral spins and obeyed Fermi 
statistics the meson could be shown to have integral spin and obey 
Bose statistics. In the decay of the meson its charge and spin were 
conserved. 
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The tvo kinds of mesons, positive and negative, were related to 
protons and neutrons according to the following reactions 

P ► n + *l 1+ ■-► n + e + -(- neutrino 

n * P + *i*~ — ■+ p + e~ + neutrino 

With free protons or neutrons these processes could not 
actually take place, as energy was needed to create the meson, which 
was not available. In the immediate neighbourhood of the proton or 
neutron, t e meson could have a virtual existence, being continuous- 
ly emitted and absorbed; but unable to escape. If the meson were 
not absorbed by the same particle that emitted it, say proton, the 
whole time, but was absorbed by a neutron close by, the*latter would 
become a proton and the original proton a neutron. Effectively 
tljen the neutron and proton would have interchanged places, 
ouch conditions of closeness of particles occurred in nuclei and the 
resulting binding between the particles due to the change of the 
position of* the meson was the exchange force. 

The essential correctness of Yukawa's theory of *meson field' 

forces seems to be established beyond doubt by the following experi¬ 
mentally observed facts :— o P 


* (0 The actual existence of a particle of the type of the theore¬ 

tically predicted one, with mass intermediate between that of the 
C a nd that of the proton, charged positively or negatiyely, 

and decaying spontaneously into-an electron has- been convincingly 
proved in cosmic ray researches (Cf. pp. 1072-96). 

(u) The experimental values of the magnetic moments of a free 
proton and of a free neutron also lend support to the theory. Since 
a free proton is for a part of its life-time a neutron with a closely 
bound meson, the magnetic moment of a free proton can be the 
resultant of the true magnetic moment of the proton and the 
magnetic moment of the meson, taking account of the relative time 
spent in both states. The proton is only * ‘dissociated’ * for a small 
fraction of its life, but as the meson is much lighter than the proton, 
the meson magnetic moment is considerably greater. Thus the net 
magnetic moment of a free proton will exceed that given by the 
simple theory. In a similar manner, a neutron is for a fraction of 
its life-time dissociated into a proton and a negative meson, which 
combination will have a negative magnetic moment. It follows that, 
though uncharged , a neutron will have a negative magnetic moment. 


But Yukawa’s theory, in its turn, was shon found not quite 

satisfactory, in the light of now results obtained from further ex¬ 
perimental and theoretical researches, as the following :— 


(a ) The discovery of mesons of widely different masses 
and life-times. While the Yukawa theory postulated a meson with 
definite rest-mass of about 200 m e and mean-life of 2 X 10" 6 sec., 
experimental researches have established the existence of mesons 
with different masses ranging from 200 to 2,500 m e and life-times 


RESEARCHES OS THE MESONS 


1221 


varying from 10' 6 to 10" 15 see. These various types of mesons were 
first discovered in cosmic ray researches, with the aid of Ui< i 1 
chamber and emulsion techniques (Cf. p. 10S3-4^. Several oi 
were next produced artificially in the laboratory with the help of 
extremely powerful accelerating machines. We have already men¬ 
tioned that the 7 r-mesons, first discovered, in 1047, >y Powell, Oechia- 
lini and Lattes in cosmic ray researches by the photographic emul¬ 
sion technique, were produced for the first time artificially by Gardi¬ 
ner and Lattes, in 1948, bombarding different targets with 200 
MoV protons and 380 MeV alpha particles obtained with the Berke¬ 
ley 184 inch synchro-cyclotron (O/. p. 1084). Analysis of the emul¬ 
sion tracks made by the rr-mesons has shown that they have a in 
of abouk300 and a mean-life of 2 x 10" 8 sec., and that they 
decay into p-mosons of lower mass (200 m e ) which, 
into electrons and neutrinos after 2 x 10“ 6 sec. This decay process 
has been fully confirmed by the use ot the modern and very efficient 
scintillation counter technique ( Cf . p. 1088). 

For trapping and analysing more effectively the mesons in cos¬ 
mic rays, special modifications of the emulsion and cloud chamber 
techniques have been recently introduced, which are worthy of 
mention :— 

(t) Emulsion stack. It consists of about twenty or more sheets 
of unsupported photographic emulsion, which are clamped together 
and exposed to the cosmic rays, usually on a balloon flight. After 
exposure, the emulsions are fixed to glass plates and developed and 
inspected separately. If a meson decay is observed in one of the 
emulsions, the track of a secondary particle can be traced through 
from one emulsion to the next until its end is reached or it leaves 
the last emulsion. In this way, the disadvantage of the ordinary 
emulsion’s thinness is overcome and the detector has the advantages 
of a fairly large size coupled with the stopping power of the ordinary 
emulsion. 

(«) Double cloud chamber developed by Leprince Ringuet and 
his associates at Paris. Two cloud chambers are placed one above 
the other ; the upper chamber is in a powerful magnetic field, while 
the lower chamber contains a series of metal plates. A charged 
particle which travels through the upper chamber follows a curved 
path in the magnetic field and its momentum can be measured. If 
it comes to rest in one of the horizontal plates in the lower chamber, 
its range in the material of the plates is known and its energy can 
be deduced. From the combined measurements, the mass of the 
particle can be found fairly accurately. 

With the new proton synchrotrons in operation at Berkeley 
and Brookhaven iq the United States and at Birmingham in England 
we can now reach proton energies up to about 5 BeV (5,000 MeV . 
In this energy region several types of mesons, even the heavy ones, 
can bo produced in the laboratory and hence subjected to close ana- 
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lysis. A neutron-proton collision in a cloud chamber filled with 
hydrogen at a pressure of 20 aims., is illustrated in the adjacent 



A neutron-proton collision resulting in the production of a pair of charged 

- mesons 

picture. The incident neutrons are produced by 2*2 BeV protons 
from the Brookhaven cosmotron bombarding a carbon target. The 
neutrons collide with the protons in the chamber, resulting, under 
favourable conditions, in the production of a pair of mesons. 
The track extending to the left is the recoil proton. The other two 
tracks are made by the meson pair. The applied magnetic field of 
10,000 gauss reveals the charge and momenta of the mesons 
produced. 

A cloud chamber photograph of the production and decay of a 
heavy meson, of mass 2,182 m e and a life-time of 2 8 X 10 10 sec., 
named recently as neutral hyperon (A°), is also reproduced here (c/. 
opposite page). A 1*5 BeV tc~ meson from the Brookhaven cosmotron 
enters the cloud chamber at the top. It disappears on interaction with 
a proton to create the A° particle and a second neutral particle (9 ). 
The A° travels downward to the right and after about 10 10 sec., 
decays into a proton and a n~ meson, (A°-4 w), forming 
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inverted V. The heavy track in this fork is made by the proton and 
the light one by the w' meson. 



Production and decay of a A° hyperon 

As a further illustration, we may mention a remarkable 
event observed when 1*3 BeV protons from a synchrotron were 
made to bombard hydrogen. The energetic (12 BeV) positive 

tc* meson, which was produced in the reaction (p -f- p -—* 
was observed, in a continuously sensitive diffusion chamber 
(Cf. p. 915) filled with hydrogen under pressure, to stop, presumably 
striking a hydrogen nucleus. A little farther along, two pairs of 
V-tracks appeared. One V consisted of a proton and a 7 t-meson 
with kinetic energies of about 37 MeV. These are the well-known 

decay products of the A° meson (A°-► P other V-track 

consisted of two Tr-mesons, one positive and the other negative, 
having a kinetic energy of 214 MeV. These are the decay products 

of another heavy uncharged meson, the 6° meson (0°-> 7r+ + n )» 

of mass 966 m e and life-time 1*3 X 10' 10 sec. The primary event, 
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viz., an energetic 7c-meson striking a proton, thus created two heavy 
uncharged mesons, the A° and the 0°. 

With the discovery of so many different types of mesons, the 
question naturally arises as to which among them play the role of the 
Yukawa particle, responsible for transmitting the nuclear force 
between neutron and proton. Recent experiments have shown fhat 
the TZ-71Xeson of 273 m e and not the p-meson of 207 m i is involved in 
nuclear interaction. Thus, in cases of nuclear fission of very high 
energy, the 7r-mesons and not the /^-mesons have been observed to be 
ejected from nuclei. Likewise, in collisions of high-speed protons 
with other nuclei, such as carbon, only Tt-mesons, positive, negative 
and neutral, are produced ; the positive 7r-mesons then decay into 
positive ^-mesons, which in turn decay into positrons and neutrinos. 
The negative 7r-mesons interact strongly with nuclei and cause nuclear 
explosions ; the neutral 7r-mesons decay, after an extremely short life 

of 10~ 35 sec , into either two y-ra,y quanta (tt° - > Y + Y) or an 

electron pair and a y-ray (^° -* e + + e“ + y). 

Heavier mesons are probably less important for nuclear forces. All 
the same, very recently, experimental evidence has been obtained 
that the heavier mesons may also contribute to nuclear force, chiefly 
in the more energetic nuclear encounters. Thus, Dansyl and 
Pniewski observed in a photographic emulsion exposed to cosmic 
radiation a heavy nuclear fragment of charge 5c emitted from a 
nuclear disintegration. At the end of its range, after a life of 
3 x 10“ 3a sec., it disintegrated with the emission of three or four 
charged particles. It might have been thought that this was a 
spontaneous disintegration of a nuclear fragment which had been 
highly excited by a nuclear collision. Rut, in such a case, it should 
have disintegrated in less than a millionth of the observed life-time. 
The observers therefore suggested that a hyperon or excited nucleon 
might be present in the fragment and that its disintegration gave 
rise to the observed charged particles with an energy release of 
about 40 MeV. Since then several more events of the same kind 
have been observed in photographic plates. In particular, a frag¬ 
ment of about the mass of triton was observed at the end of its 
range to disintegrate into a 7r«meson and what was probably a He 3 
nucleus with the kinetic energy release characteristic of a hyperon 
decay. Nuclei may therefore contain for short periods after their 
formation heavy mesons together with ordinary nucleons. But, since 
these heavy mesons give rise to forces of shorter range than the 

7r-mesons, it appears that they are not quite essential to the framing 
of a satisfactory theory of nuclear forces. 

(5) Researches on the 77- mesons. When once it was found 
out that the tt- mesons arc mainly responsible for nuclear forces, 
attention avus concentrated on them and experiments were conduct¬ 
ed to determine their properties, such as mass, charge, life-time, spin 
and parity. - 

The mass of the n-mesons was first determined from range an 
ionisation measurements made on cosmic-ray mesons in cloud cham- 
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bers and emulsions (Gj. pp. 1082-5). With the artificial P^duction 
of 7 ?-mesons in the high speed particle accelerators, accora e _ 
ment of the mass of tho 77 -mesons became possible. e n 
were produced by bombarding a target with last pro ns r ° fi . 
accelerator ; mesons of a given moment.urn wen; selecte y o _ g 
their trajectory in a known magnetic field. Slits v ere arrange^ _ 
such positions that mesons which passed through them cou 1 
photographic emulsion plate. The slits lay on a circu ar pa . 
known radius and so the momentum of a meson which , 

up a path of the right radius in the field which was applm cou e 
determined very accurately, Tne mesons entered the photograp lie 
plate at a glancing angle so that they came to rest in the emu sion. 
When the plate was developed, 110 mean range of the mesons _ 
emulsion could be found and compared with that of protons or 
known momentum and the value oi le mass of the rc-meson es l- 
mated in terms of that oi the proton. The mass thus determine is 
273 m € for the charged ir± mesons. The existence of the neutral 
n° meson was surmised in the results obtained with photographic 
emulsions where - charged Tt-mesons were created by the high energy 
interaction of cosmic rays (Gf. p. 1084). But it was first unam i- 
guously demonstrated in a series of experiments by Bjorklun , 
Crandall, Moyer and York, who studied the angular distributions ao 
energy spectra of photons emitted in the artificial production of 
■Tr-rueaons in the high speed particle accelerators a 9 a function of the 
energy of tho bombarding particles. They were able to show that- 
the spectrum of the photons observed was consistent with the 
assumption that they were the decay products of a particle which 
decayed in flight into two photons. Measurements of the maximum 
energy indicated that the mass of the particle must be close to that 
;o the Charged Tt-mesons. Further experiments confirmed the decay 

scheme : 7 r°-v y + Y* The best value obtained for the mass of 

77 ° is 264 w e . The difference in the masses of 7 r±. and n° may 
perhaps be due to an electric self-energy, t.e., due to the interaction 
of the electric charge of charged meson with the electric field. 

The charge on the 7 T-mesons. At first only the positive and 
negative 7 r-me so ns were found in cosmic ray researches, but later the 
neutral 7r*mesons were also discovered in the artificial production of 
7 r-mesons as mentioned above. The neutral 7 r-meson was already pos¬ 
tulated by Kommer on theoretical grounds, as we shall see presently. 

The mean life-time of the charged 7 c-mesons has been measured 
by allowing a beam of artificially produced mesons to pass through 
a ‘telescope' of three fixed scintillation counters and a fourth which 
could be moved. When the fourth counter is near to the other three, 
mesons passing through them are likely to pass through the fourth 
counter. As the fourth is moved farther away, the mesons have 
more time in which to decay while travelling between the third and 
the fourth and the number of mesons detected decreases. From the 
rate of decrease with the distance between tho third and fourth 
oounter, the life-time of the charged 7 r-mesons could be foun . 
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Recently, the mean lifetimes of 7t- and /*-mesons have been found 
simultaneously by allowing positive 7 t-mesons to decay in a large 
liquid scintillation counter (Cf. p. 1088). 

The life-time of the neutral 7t-mesons has presented a difficult 
problem, because it is extremely short (10 ~ 15 sec.) and henco beyond 
the reach of even the modern super-fast counters. Cases where a 
7r meson has been emitted from a nuclear disintegration and has de¬ 
cayed directly into an electron pair and a y-ray have been observed 
in nuclear emulsions. The distance between the centre of the disinteg¬ 
ration and the start of the electron pair is usually very short (about 
10 microns), so that observations of this sort are impossible in a 
cloud chamber and only just possible in an emulsion when the 
7r -meson emerges with great velocity so that the time dilation, 
according to the principle of relativity, the life-time of a particle in¬ 
creases with its velocity) is noticeable. In such cases the proper life¬ 
time (T 0 ) has to be deduced from the observed data using the rela¬ 
tion T == T 0 VT^l v 2 /c 2 , where T is the actually measured life-time 
and v the velocity of the particle. 


The spin of the n-mesons*, which is a very important property 
from the point of view of theory, has been determined by making 
use of a principle of statistical mechanics called detailed balancing\ 
According to this principle, if a particle with zero spin is in an ex¬ 
ternal field, it can have only one quantum state, since it cannot ori¬ 
ent anything with respect to the external field. On the other hand, 
a particle ol spin one can have three different quantum states, since 
it can have three different orientations of its spin with regard to the 
external field. Applying this to creation process of particles, particles 
with spins greater than zero could be created in more than one state 
corresponding to different (2$ 4- 1) spin orientations and this increa¬ 
ses the chance of their creation. Now, let us consider two processes, 
in one of which a 7t| meson is produced and in the other it is absorbed. 
Supposing that the spin is the meson of one, in the production pro¬ 
cess, it can be produced with three different directions of spin ; in 
the absorption process, it starts out with one definite direction of 
spin. Hence the ratio of the probability of being produced and being 
absorbed will contain*a faotor three, which is known as the 'statisti¬ 
cal weight.* If the meson has spin zero, the factor three is replaced 
by one, so that the ratio of production probability to absorption 
probability is three times smaller. In other words, the probabilities 
of tho two processes are the same at any given total energy. This 
principle was suggested by Marshak for the investigation of the spin 
of the re-meson and was successfully used by two groups of workers, 
one at the University of Rochester and the other at Columbia V® 1 " 
versity. Two experiments were performed, which may be symbolis- 


ed by ■ 

p + p 7t + + d . #, * j* 

7t+ + d + p ..J z 

(1) represents the creation of tc + meson when protons collide witl 
protons ; (2) is the reverse process of absorption of 7 r + -meson in ® ett 


... ( 1 ) 
... ( 2 ) 
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terium. The two processes were found to occur m ^oftjJ^diarged 

for any given total energy, thus showin^ a , g ^ en its decay 

nr meson is zero . As for the n -meson, it i ^ • 0 f 

scheme that its spin must integral eve r ’ , j i n vari- 

photon is one. More detailed stuidy ® P. its soin is zero, 

ous interactions has led to the final conclusion that its spin is 

like the charged mesons. . . - - 

Panoffky by the ^“be °captured°i^ 

SfSBSTKt SStSTS^JSB 2 

r^ g ° &r§» 

the deuteron. Since it has a negative c g , tw0 neu trons 

a deuteron (consisting of a proton »n * . h th me8on 

which will leave in opposite directions. To start witn 

Was zero soin while the deuteron spin one and even p J- 
Uvo neutrons’ produced, according to quantum mechames with the 
intervention of Pauli’s principle, cannot exist m a state spin one 

„„d ...» parity but only ^n^ d b ° d to t E5E b«b by th. 

capture process, described ^ tum and fcfae rule of parity C o n . 

law of conse _ mea on itself contributes something to the parity. 

B«rSaU^e^urJ rfT negative meson by a deuteron occurs 
with great eagerness since the two neutrons are experimentally ob- 
served in the process. The obvious conclusion is that tho meson 
changes the parity of the system, by its own intrinsic negative odd 
oaritv This is precisely what i3 meant by a pseudoscalar par 1 . 

The n-mesons, therefore, though of zero spin, are pseudoscalar. 

- |cl The complex nature of nuclear forces. Yukawa 8 
theory had rightly postulated that the nuclear forces were of short 
range and of the exchange type. But it had presumed that the 
forces were one of attraction throughout and the exchange character¬ 
istic of the forces was ontirely charge dependent : these assumptions, 
however, have been contradicted by recent researches. 

The classical experimental approach to investigations of nuclear 
forces has been the study of scattering of nucleons by nucleons (t.e., 
protons by protons, neutrons by protons) and of mesons by nuo - 

hurls one particle against the other and sees how they are deflected. 
From the P features of the deflection, the angular distribution the 
energy dependence, etc., conclusions are drawn about the force 
ponsible for the deflection. 

(1) Scattering of nucleons by nucleons. e a,ve 

from the fact that the deuteron is a bound system, th»t a«mcHtie 

forces exist between neutrons and protons. B urther information on 
the forces can be obtained from a study of the scattering of neut - 
by protons. The wave-mechanical theory of neutron-proton scatter 
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rnn lv^f?i ed ^ a ff ng mUC u the same line as the theory of the deute- 
ron with the difference, however, that the total energy W is positive 

or a free neutron and hence all energy values are allowed. The wave 

hlit h. I0 « n «° Ut8lde the r T 1US , r ° 18 n ° longer an exponential funotion 

is a superposition of a plane wave representing the stream of in- 

l°“ Ing ,I’ arU ';' 1 '; s an £ expanding spherical waves representing the 
scattered particles. The calculated scattering turns out to be rela¬ 
tively independent of the assumed shape in the case of lower energy 
neutrons and the result is essentially fixed by the binding energy of 
the deuteron. The amount of scattering observed for low energy 
neutrons by protons turns out to be more than twice the maximum 
possible value predicted by theory. Such a great discrepancy indi- 
cates that some factor enters the scattering phenomenon which is not 
present in the deuteron. E.P. Wigner, in 1936, pointed out the miss¬ 
ing factor by observing that while in the ground state of the deuteron 
the neutron and proton necessarily have their spins parallel, so that 
e o served spin of one for the deuteron can be accounted for, no 
sue restriction applies in the scattering of free neutrons, where both 
parallel and antiparailel spins occur. It is therefore possible to ad¬ 
just the assumed interaction between neutrons and protons with anti- 
parallel spins in such a way as to fit the experimental data. The 
result of such an adjustment shows that the forces depend strongly on 
the relative spins > the potential well in the antiparailel case being con¬ 
siderably less deepand having a larger effective radius than that in 
the parallel case. This state of affairs is ordinarily described in terms 
of an excited singlet ( 1 S) state of the deuteron with spin zero and a 
negative binding energy (E 2 ) of 0*05 MeV {Of. Fig, 347). 

Early experiments on the scattering of protons by protons by 
Tuve, Herb and others (1936). interpreted by Breit, gave the first 
knowledge of a short range attractive interaction between the nucleons 
that is responsible for the fact that nuclear particles stay together 
(Cf p. 1146). 


Recently, the scattering experiments of protons by protons and 
of neutrons by protons were performed using very fast particles pro¬ 
duced by the modern accelerators and studying the scattering process 
with the very efficient scintillation counters. Thus a beam of 
451 MeV protons was extracted from a particle accelerator and passed 
down a 5-foot length of pipe through a thick shielding wall into the 
experimental chamber. The protons strike a target of polyethylene 
containing hydrogen and carbon atoms and the scattering by the hy¬ 
drogen nuclei is studied, appropriate corrections being made for scat¬ 
tering of the carbon nuclei. The struck protons and the scattered 
protons are counted by the scintillation counter technique arranged 
in a ‘telescope*. The energy of the particles .which are recorded is 
measured by inserting an absorbing cylinder of graphite between the 
last two crystals, so that only a particle energetic enough to traverse 
this thick cylinder produces a record in the telescope. 

Measurements have also been made of tho scattering of 
102 MeV neutrons by protons. A liquid scintillation counter is used to 
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detect the neutrons. The cloud chamber, of both the conventional 

and the new <li fusion types, has also been used for this experiment 

The experimental results show that :— 

* 

(i) The angular variation of the scattering is very different in 
the two cases ; the scattering of protons by protons is independent of 
angle, while the. neutron-proton scattering has high values at small 
angles and at 90°. One would expect a large number of neutrons to 
be scattered through small angles since the transfer of momentum at 
these high energies is likely to be small. For this type of glancing colli¬ 
sion, the si i uck proton would be hurled aside, with a relatively low 
velocity, at an angle of 90° to the path of the neutrons. But experiment 

u '' ( '. "" 1 " IS direction a maximum number of neutrons. This means 
that in these collisions neutrons and protons change identities • i.e. 

1 1 i tiange into protons, so that the protons must continue” 

along the path ol the incident neutrons, while the neutrons (which 
were originally protons) are deflected at an angle of 90° about This 

1 : town as exchange scattering, which reveals another characteristic 

ot nuclear forces, viz., that they are of the exchange type. 

(tt) In order to explain the general character of the scattering 

curves, over and above recognising the fact that in the cases of 

proton-proton scattering identical particles are involved, while in 

t at of neutron-proton scattering two different particles take part the 

following assumptions have to be made alternatively • Either the 

nucteons have a hard core giving rise to strong repulsive forces at veru 

hort range and attractive jorces at longer range, or there is a strong 

interaction of the spin of the nucleons and their orbital annuZ 
momentum due to magnetic coupling. igutar 

To decide which of these two assumptions is to be preferred 
* ' IMTirnents were carried out at Rochester, Harwell Chicatm and 

Barkeley. In the Harwell experiments, a beam of 150 Me V proton 
is allowed to strike a carbon target inside the accelerator box and 
hose scattered through an angle of 20° are selected by a slit 
passed along a long pipe and then scattered a second time from an¬ 
other carbon target. The numbers scattered left and right and im 

and down are counted. When attention is focused on the protons 

whioh are elastically scattered on the second collision, the numbers 

scattered to the left are found to be four times more than the m,™ 
ber scattered to the right. tne num - 

When the experiments are carried out with hvdroven «« 
second, scattered- instead of carbon, the number of protofs scatteSd 
to the left is 1-5 times the number scattered to the right The num 

bers scattered up and down are equal in all cases 8 * 

* f *» *• 

a. 

MeV. Similar, though much less marked^ff S ‘? 8 ® tron f’ | y abov e 100 

in the double scattering of neuTro^ ’ 8 ^ been observed 
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It is rather early yet to be sure of the theoretical explanation 
of these polarisation effects. However, Schwinger some years ago 
suggested that such effects might be produced by a strong spin-orbit 
interaction. Thus when the spin of the nucleon is in the same 
direction as the vector representing the orbital angular momentum, 
there would be a lowering of the energy of these nucleon orbits due 
to magnetic coupling and they will be favoured. Fermi has calcu¬ 
lated the magnitude of the effect and been able to give a good 
account of the experimental results. He has also predicted that 
protons coming out of the first collision with their spins up should be 
scattered more to the left than to the right. 

The defenders of the independent particle shell model of nuc¬ 
lear structure have employed this spin-orbit coupling idea to serve 
their purpose. It may be noted that the spin-orbit interaction im¬ 
plies a non-central force (c/. p. 1217). It has been suggested that ike 
meson field responsible for the nuclear forces is a non-central force, 
which reaches a saturation level in nuclear matter due to the high density 
of the nucleons present. 

(2) Scattering of mesons by nucleons. The scattering of 
mesons by nucleons has been investigated experimentally in many 
laboratories, such as Chicago, Columbia and Rochester. In the ex¬ 
periments carried out in Chicago, it has been possible to direct about 
1000 mesons a second through a one-inch pipe into the experimental 
chamber containing liquid hydrogen. Measurements on the scattered 
mesons are made in a manner similar to those on scattering of nuc¬ 
leons by nucleons. The results obtained show that the n + mesons 
are scattered more strongly in the backward than in the forward 
direction. The tt~ mesons, on the other hand, are scattered elastically 
more strongly in the forward direction. Some of the n mesons, 
however, change on scattering into a neutral meson 

(it' + p - > n + 7T°) 

and in such a case, they are scattered more strongly backward. 
This peculiar behaviour of the mesons ha$ been explained by assum¬ 
ing that the meson and the proton form a compound nucleus of very 
high excitation and that the scattering behaviour is due to a resonance 
phenomenon . The existence of such an excited nucleon is consistent 
with other experiments done, in which single and double n~ mesons 
are produced in nucleon-nucleon collisions. 

{d) Charge independence of nuclear forces. This is another 
fundamental property of nuclear forces, which was discovered experi¬ 
mentally, and means that the true nuclear force of attraction must 
occur almost equally between pairs of protons, pairs of neutrons an 
neutrons and protons, when these pairs of particles are in the same 
state of motion. This was not recognised in the earlier theories whic^ 
postulated that the n — p interaction alone is the predominan 
nuclear force and thereby encountered serious difficulties, r 
n — p interaction can be explained by charged mesons (c/. p. 1 * 1 
but the p — p and n — n interactions cannot be thus accounted or, 
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a neutral meson was required to do this. H< - K < i o mer p<>st 

lated a neutral meson in his theory known as the “symmetric 
meson* 1 theory, according to which neutral and charged mesons are 
all presumed to be coupled to the nucleon and the strength oi the 
coupling is supposed to be the same for all. They are called into 
play in collisions and actually materialise in very violent close colli¬ 
sions. This theory evidently leads to “charge independence*’, of nuc¬ 
lear forces. With the actual discovery of neutral mesons, theory 
received its experimental continuation. The emission of a neutral 
meson is to be considered as equivalent to > ■ emission < ,l j. , n 
quantum in the sense that the state but not the nature of the 

emitter changes, as indicated by p - >p 4- °r n -> n + n°.. 

This, in turn, means that the proton and neutron simply represent 
two different “states’* differing as to charge of the same fundamental 

particle. 

Additional evidences for the charge independence of nuclear 
forces have been found from the following experimental researches:— 

(1) Scattering of protons by protons. The first experi¬ 
ments conducted in 1035 on the scattering of high velocity protons 
in hydrogen gas showed that nuclear forces play a role also in the 
interaction of protons with protons. Further work on the same line 
has led to the conclusion that the nuclear attractive force between two 
protons (p — p) is the same as that between a neutron and proton 
(n — p), at least when the relative energy is less than some tens of 
millions of electron volts. 


(2) Masses of mirror nuclei. Two nuclei are said to be 
mirrors if one can be derived from the other by replacing all protons 
with neutrons and vice versa (cf. p. 1149). Thus, for example, the 
mirror of 6 B U with five protons and six neutrons is 6 C U . Evidently it 
is not possible for both to exist in nature permanently, because one 
can bo converted into the other by (J-decay. In the present case, (J 11 , 
which is the proton-richer of the two, decays into the neutron-richer 
B 11 with the emission of positron ( cf. p. 1150). 


The actually observed mass differences of mirror nuclei (in the 
case of C 11 and B 11 it amounts 1*98 MeV) provide a sensitive com¬ 
parison of the energies associated with p — p and n — n binding 
forces^ for, the only difference between two mirror ntic^i, as far as 
nuclear forces are concerned, is that some (n — «) interactions in 
the one are replaced by (p — p) interactions in the other. The 
result of equality of nuclear binding energies in such cases obtained 
by this method shows that the p — p and n — n forces are equal. 


(3) Comparison of energies of even isobars, in which 
neutrons are replaced by protons and protons by neutrons, leads 
further to ihe equality of p — p, n — n and n — p forces. Consider¬ 
ing, for example, 4 Be 10 and <V B 10 , as made up of a common core of 
4 protons and 4 neutrons plus 2 neutrons or a neutron-proton pair 
respectively, it is seen that some of the n — n bonds in Be 10 are 
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replaced in B 10 not b y p — p bonds but by n — p bonds. Hence if 

the nuclear binding energies of these two nuclei are found to be 

equal as is actually the case, we have evidence for the far reaching 

assumption that the interaction between unlike nucleons (n — p) is 

the same as that between like nucleons (n — n or p — p). The now 

generally accepted view that these three forces are essentially the 

same is often referred to as the charge independence of nuclear 
forces. 


We should have realised by now that the campaign started to 
unravel the mystery of the nuclear forces is advancing without 
respite ; new devices are being marshalled into the field and experi¬ 
mental results keep flowing in. Any adequate theory should be 
capable of accounting for all these data. In the light of the results 
thus obtained, Yukawa’s theory has been refined lately (1953) into 
what is known as the “pseudoscalar meson field” theory, which we 
shall briefly describe now. 


(m) Pseudoscalar meson field theory. In order to under* 
stand with ease the main features of this theory, it is necessary to 
consider first the real nature of elementary particles and their rela¬ 
tion to electromagnetic and meson fields. 


Fundamental particles. Our present knowledge of the funda¬ 
mental particles is summarised in the table on the next page Ignor¬ 
ing, for the pfesent, the first four (photon, graviton, neutrino and 
anti-neutrinoj, the others have masses ranging from the electron 
with mass lunit, through the mesons and nucleons to the hyperons 
which are about 2,500 times as heavy as the electron. Of these, the 
proton and the neutron are the ‘bricks’ with which nuclei are built, 
while the mesons from the ‘mortar’ which holds them together. 
There is evidence that hyperons are excited nucleons, t.e., nucleons 
which have more energy than they can contain for any length of 
time. 


The most fruitful source of fundamental particles has been the 
cosmic rays. The primary cosmic rays consist of energetic protons 
and heavier nuclei. When these fast moving particles reach the 
earth’s atmosphere, they hit nuclei of nitrogen and oxygen and pro¬ 
duce mesons and hyperons. The secondary particles travel on in 
the path of the initial radiation and a chain of events is set up re¬ 
sulting in the complex cosmic rays which strike the earth’s surface 

(c/. pp. 1119-22). 

When it was known, from cosmic ray researches, that mesons 
were produced when protons struck atomic nuclei, efforts were made 
to construct machines which would accelerate protons to energies 
sufficient for the process. As a result, artificially produced mesons 
are now available in various laboratories. 

All the fundamental particles are unstable except the electron 
and the proton. The neutron with a mean life of about 13 minutes 
is the longest lived of the unstable particles. At the other end of 
the scale is the neutral re-meson which can exist only for about 
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“ i 6 r’’ ^ U / e mo ? t °^** le other mesons have also an extremely 

must tll t e h 0rder f of 10 '. 8 One realises then how fflSSlJ 

must be to gather information about particles which are so small as 

1 mnn«I n hT lb e i and u S ° u lght lhat weighing them by ordinary means is 

seconds!* 6 & exi9t ° nly for a time of the o( micro- 


i , Fundamental [(articles, being ‘simple’ forms of matter cannot 
be des c«bed by shape, colour, etc., which have further no significance 
iro 8 realm "j ier ® Heisenberg’s- uncertainty principle holds sway. 

ch ar y e e ftr Le-ur i e ' S!Snated f by S1 a lm P° rtant constants, viz., mass 
wf V • P,n ’ panty and ma K netic moment. If these cons- 
fnr 1 of 3 ■ particular^particle are known, they provide sufficient data 

prediction of the particle’s behaviour under most circumstances 
lienee, great deal of experimental researches has been devoted to 

whidTexift thC Va,U6S ° f thCSe coi;istants for the different particles 


It is almost certain that the table of fundamental particles 

in some respects, as 

^ i. ier i 6V1 ence 18 collected. It is to be hoped that a clearer picture 

ol the elementary particles will lead to a better understanding of 

the already known facts and an accurate prediction of new pheno¬ 
mena We now turn our attention to the relation of the funda¬ 
mental particles to electromagnetic and meson fields. To get at this 
relation we need first to know the modern conception about fields. 

Modem theory of fields. It is usual to distinguish two kinds 
ol fields, viz., classical and quantum fields. 

^he classical field is a kind of tension or stress which can exist 
in empty space in the absence of matter. It reveals itself by produc¬ 
ing forces which act on any material object that happens to lie in 
the space the field occupies : e.g electromagnetic, gravitational. 
The chief characteristic of a classical field is that its strength at a 
given point varies smoothly as the point moves around in space. 
With the inclusion of the principle of relativity, the classical field 
theory gives a satisfactory explanation of all large-scale phenomena, 
i.e., which do not take into account that the universe is built with 
elementary particles ; but it fails completely in interpreting atomic 
phenomena, i.e., in describing the behaviour of individual atoms 
and elementary particles. 

The quantum field is based on the existence of a specified list of 
elementary particles with definite masses, spins, charges and interac¬ 
tions with one another. The basic law of this field is the uncertainty 
principle and the consequent universal principle of statistical fluctua¬ 
tion. Hence the strength of a quantum field at a point can never 
be accurately measured. The quantum field energy can exist only 
in discrete units—quanta, which have precisely the properties of the 
elementary particles of which the universe is built. Some twenty 
qualitatively different quantum fields exist. Each fills the whole of 
space and has its own particular properties. There is nothing else 
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■ I 

except these fields. Between various pairs of these fields there are ! 1 
different kinds of interactions. Each field mgnifests itsel! as a type | 
of elementary particle. The particles of a given typo are always j| 
identical and indistinguishable. The number of particles of a I j 

type is not fixed, for particles are constantly being created or annihi- || 
lated or transmuted into one another. The properties of the |j 
interactions determine the rules for creation and transmutation of « 
particles £n this picture, all fields in Nature are quantum fields. Ij 
The so-called classical electromagnetic and gravitational fields are | 
simply special large-scale manifestations of a quantum field. The par* I. 
tide that corresponds to the electromagnetic field is the photon which 9 
appears to be different from other elementary particles only because I 

its laws of interaction make it especially easy to create and annihi- I 

late. The particle corresponding to the gravitational field is the I 
graviton which has not been observed as individual particles. The ff 
electromagnetic and gravitational fields are long range , while the | 
fields corresponding to other particles are short range , less than the | 
size of atom. In consequehce, the photon and graviton have no I 
rest-mass and always travel at a constant velecity c (that of light), § 
while the other particles, such as the electrons, protons, meson®, etc., 1 
have a rest-mass and can tflavel with any velocity not exceeding c. | 

The quantum field may or may not carry an electric charge ; I 
e g. the electron field and the electromagnetic field. Any charged I 
field must be represented by two types of particles which are alike I 
in all respects, except that one has a positive charge and the other | 
negative, and which under suitable conditions can be created or 1 
annihilated together in a single event, e.g., electron and positron, 
proton and anti-proton. 

The linking of certain particles to a field must not be under¬ 
stood as if the field is composed of such particles. Actually field and 
particles are, so to say, merely different aspects of one and the same 

concept. The elementary particles may be considered as transient 
fluctuations and concentrations in their respective fields, or according 
to a recent suggestion of Heisenberg, as discrete stationary states of 
non-linear field equations which describe matter in a very general 

Wa ^ Of the quantum fields described above, the two which are of 
immediate interest to us are the electromagnetic and meson fields. 

In building a cogent theory for nuclear forces, the central problem to 
be solved is the pion-nucleon interaction (pion is used as an abbre¬ 
viation for 7 r-meson), since as we have seen, the pion is chiefly res¬ 
ponsible for nuclear forces. To achieve this, the photon-electron 
interaction of quantum electrodynamics has shown us the way. 

Quantum electrodynamics, which deals with -the interaction of 
a pair of quantum fields, viz,, the electron and the electromagnetic 
field in a manner consistent with the special theory of relativity, 
was framed immediately after the birth of quantum mechanics. But 
its mathematical treatment always gave rise to certain infinite quan- 
tities which could not be readily interpreted. In 1947, the theoreti- 


A r - 
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cal physicists, F J. Dyson, R. F. Feynman, J. Schwinger and S Tv 

wh“h n electivelv°s P | d 1 7° ,,i1‘ ed ' Hht0Ty °f ^normalisation "t 
that the3 7 d , th ® d l fficult y of these infinities by showing 

preted ^ a chonl 7 /7 USed ‘° 77 out infinifce should be inter 

thanks toTh^ S n bIe f PreSSi0nS f ° r fieIds alld theirIrracEs 

accuracy* h! 1 PP !f C 11 7 ’ We Can n0W P redict t0 aImost any degree of 
ScTn nature A «^ x P firime «ts which are entirely eleetromagne- 

Rutherford S fCf hydrogen spectral lines called the Lamb- 

SUS”™? h “ ™°“W<1 the „t«e“ pTTo’S" 

1 t , f theory of pion-nucleon interaction which ie called the 
“pseudoscalar meson field theory.” 

. j Appearing in the photon-electron interaction of quantum elec- 

Sfrrr 1‘ ,e jtV 1 : nc ‘T of ,hs r» 

wh eh makei 77°° am P llt,lde ^multiplied by a known quantity 

tron svTtem » l7? Pr T°7 f ° r th0 totaI o n e r gy of the photon-elec- 

th/t the nkm A7 ar ‘ 7 7 case T of the meson field, we use the fact 

imiliin/ «nn PSeUd0 7 alar - , 14 turns out that the pion wave 

plied hi t«A 7 n g ln t l0 . tOta ener gy expression, can be multi¬ 
plied by two possible quantises. Both of these quantities contain 

the nucleon wave amplitude, which mean that bion is ‘coupled’ 

to the nucleon. The term which arises from this coupling is called 

ie pion-nucleon interaction. Now the two possible methods of 

coupling are pseudoscalar and pseudovector, P.T. Mathews and 

A. balam, extending the theory of renormalisation to the meson field, 

have found that the pseudoscalar coupling can be renormalised, but 

not pseudovector coupling. Hence it is assumed that the i.ion- 
nucleon coupling is pseudoscalar. 

. ^ y° un g French physicist, Maurice Levr, made a very 

important discovery, viz ., a direct consequence of the pseudoscalar inter¬ 
action is that the forces between two nucleons are strongly repulsive at 
close distances . Previous theories, which assumed that the forces 
between two nucleons are always attractive, could not really account 
for the stability of nuclei, since the strong force of attraction bet¬ 
ween the two nucleons should make them fall into each other. Levy’s 
discovery saved the situation, because h« showed that there was at 
small distances a very strong repulsion which prevented the two 
nucleons from falling into each other. Bj* a consistent use of this 
kind of pseudoscalar interaction, Levy was also able to account for 
several phenomena observed in nuclear forces ; for instance, the in- 
significent contribution of mesons.heavier than the pion to nuclear 
forces under normal conditions, the saturation characteristic of nuc¬ 
lear forces, the dependence on spin, the existence of a quao'rupole 
moment in deuteron, etc. 

Although the pseudoscalar meson field theory has led to results 
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in good qualitative agreement with experimental" data, yet it stilli re¬ 
mains a quantitatively unsolved problem. Thee le 1 , 

in determining the appropriate coupling constant. n c • “ 

mics, the constant multiplying the photon-electron ^ 

is e, the charge of the electron. In the theory it is called the P^n- 

electron coupling constant. It is found useful o in ro uc 
sionless quantity a, known as the fine s rue ure , 

a = 27re 2 / ch = 1 / 137, cf. p. 623), since the equations of electrody 

namics can be solved only as a power series in a. 10 that 

series will be about 137 times smaller than a previous one, so th 
after a first few terms, the contribution of a becomes negligible, 
the meson field theory, the quantity analogous to e is the Pion-n 
leon coupling constant g and the dimensionless quan l y a • n 
the fine structure constant a is 2 ng'Jch. The numerical value of this 
constant, instead of being a small fraction, is about 15. Physically, 
this, implies that the nuclear forces are about 100 t'“ es g 

than atomic forces. Mathematically, however, it implies that any 
attempt to solve the equations of meson field as a power s nes 
this constant is quite hopeless, since successive terms get arger 
rather than smaller as the series proceeds. We may sum up_th 
situation in the meson field theory today by saying that we have a 
set of complicated equations which have to be solved by some mea 

that does not involve a series expau i 'ii m — • - J . 

these equations are solved—which is going to be a feat of mathe¬ 
matical skill-a great deal more has to be done in the shape of * 
tine the pion-nucleon interaction into tin- expi-nnu-nta \ 
complicated phenomena, such as the scattering of mesons y nu 
Icons and of nucleons by nucleons, the production of mesons by the 
interaction of photons with nucleons and of nucleons witii 
etc , before we can arrive at an adequate understanding o 

of the intranuclear forces. 


If 








Tau-theta Puzzle. Quite recently, in order to account for the 
experimentally observed discrepancy between two similar K-mesons, 
called the “tau” (t) and the “theta” (0°) mesons, two Chinese physi¬ 
cists, Profs. Tsung Dao Lee of Columbia and Chen Ning Yang ^of 
Princeton, to whom the 1957 Nobel prize f or Physics has been jointly 
awarded, have challenged the parity law, on which the pseudosealar 
meson field theory is ultimately based. 

As already stated (Cf pp. 1221-24) the eosmotronat Brookhaven 
and the bevatron at Berkeley are able to produce artificially the 
K-raesons, knocking them out of atomic nuclei. In all significant 
ways the K-mesons are alike, but some of them, the —mesons, decay 
into three rr- mesons, while the others, the 0°-mesons, decay into two 
ir-mesons only. Theoretical consideration shows that this "consis¬ 
tent behaviour seems to violate the parity principle. This dithculty 
is known as the tau-theta puzzle, which many leading scientists 
have been trying to solve, since 1953, in a way that preserves parity, 
but without success. In 1956, Drs. Lee and Yang made bold to put 
forward, in brilliantly reasoned reports, the idea that the trouble lay 


■ 
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£? S* With P"** itself; they contended that 

he odd be haviour of the K-mesons would be easily explained if the 



Prof. Lee prof. Yang 


man-made concept of parity could be dropped out of the picture ; 
they further suggested ways to test experimentally whether parity is 
really a basic principle of Nature. Theoretical physicists, all the 
world over, were very much concerned about such a daring plea of 
Lee and Yang and the best facilities in the U.S. were offered for 
testing their theory. 

Delicate and well planned experiments were conducted by 
different workers and the results obtained appear to confirm the 
Opinion of Lee and Yang about parity. Thus Madam Chien-Shiung 
Wu, another Chinese physicist, working at the National Bureau of 
Standards, Washington, arranged an elaborate deep-freeze apparatus 
to cool artificially, produced radiocobalt (60) to 0*01°K. The cobalt 
nuclei are known to be spinning, and they continue to spin in the 
deep-freeze, but their random thermal motions are reduced almost to 
nothing by the extreme cold. When a powerful magnetic field was 
applied to the specimen, the cobalt nuclei aligned themselves in one 
direction as if they were tiny magnets. Since temperature has no 
effect on radioactivity, the chilled, lined-up cobalt atoms went on 
disintegrating and emitting electrons. According to the law of parit}’’ 
the eelctrons should shoot off in equal numbers in both directions 
along the spin axes of the lined-up nuclei, as shown in Fig. 341 (b)> 
(page 1103). Any preference by the electrons for either direction 
would prove that parity is not an universal law of Nature. The 
results of the experiment clearly indicated that the electrons were not 
shooting off equally in both directions, in contravention of parity. 
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Fig. 348 Disproof of 
parity law, as demons¬ 
trated by the expon- 
merits of Drs. Wu an 
Federman. 


Dr. Lederman af Columbia, working with the 385 MoVcyclo 
tron, used p-mesons to test parity. In the path of the ^-mesons, 
streaming from the cyclotron, a block <>t 
carbon about 6-inch square and 1 men 
thick, with a coil of wire wound around 
it, is placed, /a- mesons disintegrate in two- 
millionths of a second, each forming an 
electron and two neutrinos, and this life¬ 
time is too short to permit thermal motions 
in the carbon block to disturb .them 
appreciably. When they lodge in t e 
carbon, they are all spinning in the same 
direction and under these conditions the 
parity principle requires that when they 
disintegrate, they must eject the same 
number of electrons in each direction along 
their common spin axis. The mesons did 
no such thing. They shot out twice as 
many electrons in one direction. When a 
small current was passed through the coi 
the mesons turned around and s ot,t ®^ d that me90n s can be 

electrons in the other direction. P av as shown in 

mirror twins and still not behave- in the same way,^ of parity> 

Fig. 348 in contradistinction to 1' ig 341 (b) I- b ot at a n 

one of the cornerstones of nuclear physics, was shown to 

a basic principle of Nature. 

Nearly all physicists agree that, during the: past^ Gian t 

nuclear science has fallen into deeper an eep^ k - nds of str ange 
machines like the cosmotron are sprew g „ meson have made 

subatomic particles, and many of them, like the appe aring faster 

than they can be solved. Many physicists fe .1 < f f hj 

cal will have to be done to bring some kind of violent 

chaos. Abolition ol parity may prove , rebuilt without 

reform. But, then, many theories will have to be ^ era 

the parity principle, which may mean the beginning ol a 

The actual situation can be compared to the P^od o^mfusion 
after the Michelson-Morley experiment destroyed the ^ ^ &n 
other” As we know, such an hypothetical m w . w 

obstacle to man’s exploration of the gyBioal u ^® rs «' ^f r e oduction 

‘"d'ts z5£ srbUo'S'Uy. »•» 

nuclear forces may be evolved. 



APPENDIX 

HOYLE-WARLIKAR NEW THEORY OF GRAVITATION 

H u y,e ’ £ lu “ ia ° Professor of Astronomy and Experi¬ 
mental Philosophy at Cambridge University and Dr. J.V. V ar Iikar 

young ndian mathematician and research worker as a*result of 

tl" S, s,,,dy m r t,mom y »»i 

IK i (J 1964) P r °P° sed a new theory of gravitation in 

r D he ^ tC r ^ Gne Einstein’s Relativistic theory 

in tbe light of the latest ideas about the universe. ^ 

a medium b rt SiC fl ff^F ert T 1 0f ^ aV . itat, ' 0n is that when ifc ™ Present in 
te£ mad? ,1 °^ jeCtS m the me dium equally. Eins- 

the Sea of arf.> S t ?r0pe y m , a remar kab!e way. He replaced 
cnrved fo,,^ 8 - a T 38 a force b J an inherent property of a 

SfficSIS nrLi maSS, rT e b ? dlas - L He thereb 3' removed the logical 
More thin hi m N f^ ns tbeor y of “action at a distance”. 

of the ^heor! R R e 7T a . t0 , a PP .V the Principle of Equivalence 

f S' \ n tbe derivation of a law of gravity, more 

difficultipQ in fti° . e T.^ n '. i'har 0 ex * s t certain very serious 

0 the relativistic theory of gravitation, such as : (i) 

tion D0 gravitating matter at all anywhere, gravita- 

P 61 '® 1 . 64, whlcb ! s evidently untenable (ti) the^ actual 
. . • ime-direction is inexplicable in the concept of space- 

ffS v 0nt f lnUm ,V he ^ Space f ,ld time P la >' a very symmetrical part. 

(tu) Einstein, like Newton, believed that the weight and mass of 
an object can be restricted to gravitating matter in .the solar sys- 

em. Jiut certain experimental observations and their adequate 
explanation are against such restrictions in defining gravity. Thus, 
for instance, it is possible to measure the rotation of the earth 
about its axis by means of a Foucault pendulum ; it is also possible 

to measure its rotation relative to the background of the distant 

galaxies. 1 he two methods give the same result. Mach, a German 
p vsicist, already a century ago» had stated that the above experi* 
mental result was not a mere coincidence but required an explana* 
tion which according to him, was that ‘the mass of each particle is 
related to that of every other particle in the universe’. This means 
that inertia is not the intrinsic property of a material body, but a 
property derived from the rest of the matter in the universe. 
Einstein s attempts to incorporate this fact into his theory of rela* 
tivity were not rewarded with success. 

Hoyle and Narlikar, with the intention of overcoming these 
difficulties in Einstein’s theory, have made use of Mach’s concept 
of interacting particles and attempted to adopt tbe equations of 
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the general theory of relativity to fit with the actual properties of 
the universe, by discarding the idea of gravitation as an inherent 
property of space and by claiming it as arising from the total matter 
in the universe. According to them, the problem of gravity is to 
be tackled not in terms of relativity but in terms of cosmology. 
Gravity, emanating from millions and millions of stars in the uni¬ 
verse, both visible and invisible, also contributes to the weight and 
mass of every day objects around us ; in consequence, if half the 
distant stars were wiped out, the people on earth would double in 
weight and the Sun would shine hundred times brighter. They 
have produced equations relating the mass of any body to the total 
mass of the universe, taking into account the actual "properties of 
the expanding universe, such as the rate of expansion and the den- 
sity of matter. These equations are only slightly different from 
those of Einstein, leading to the same predictions and results, with 
the exception that no terras are introduced arbitrarily. 

The new theory of gravitation of Hoyle and Narlikar is based 
on the assumption that the expanding universe is being maintained 
in a steady state by a continuous creation of matter The ex neri 
mentally observed “red-shift” of light received from a large number 
of distant galaxies on huge star clusters which are scattered through¬ 
out the universe imply that these galaxies are receding from eiTch 
other at great speeds, just as points on the surface of a rubber 

balloon recede from each other when it is blown to a bigger size 

The u.nverse thus presents itself as a uniformly expanding system' 
and the term the ‘expanding universe’ was introduced to designate 
this fact. Severa scientists, such as Einstein, De Sitter. Eddington 
hriedmann and Lemaitre, assumed that the actually expanding 
universe had a ‘singular origin’, ,\ e „ j„ the remote past the universe 
was created in an explosion from a primeval atom, so that what we 
see today are the different bits flying off. On this assumption they 
worked out the so-called ” big.bang ” theories, by means t/which the 
time that has elapsed since the initial explosion can be calculated 
and thereby arrive at the ‘age of the universe’, which was estiml 
ted to be of the order of hve to ten thousand million years. 

The chief drawbacks of this theory are •—tii Jo„: 

physical estimates put the age of our own galaxy it h 7* astro * 
to fifteen tb«n„„d miMton jS,„. G.l.niePlX L'Tors 

al~. believed to exist. Since the universe cannot be expected^ 
be younger than some of its parts, one is obliged to admit that 
either these age calculations are wrong or the 008 ^ 0108 ,^ ^ 00 ^ 

proposed above is ik * correct, (tt) further, some astroni!! , ory 
taken the view that the existence of a singular origin ii ^ er !k haVe 
is itself unsatisfactory, since at the singular orighfall^ ‘ he theor y 
Physics break down and space-time itsflf does not eiist' P ' ° f 

posed'<■„, pro. 

' «*«• V 

same from all galaxies, but it also looks the same at all timt T 
other words, the universe as a whole is invariant ; it is UmellZ 
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having no beginning and no end. In such a concept there is no 
age—difficulty encountered in the ‘big-bang’theories ; further there 
is no singularity present anywhere at any time, thereby endowing 
equal partnership of space and time even in the case of the cosmos 
as a whole. 

In order to reconcile the ‘steady state’ of the universe with its 
actual expansion, the idea of ‘continuous creation * is postulated. As 
the galaxies recede from each other, the distances separating them 
increase ; consequently the density of matter in any part of the 
universe should constantly decrease, so that, in due course, we shall 
be left in an empty region. To avoid this, the steady state requires 
to see the sarc?. number of galaxies around us. This is possible 
only if new galaxies appear to take the place of those that have gone 
away. It is therefore necessary for new matter to be continuously 
created in space, thus maintaining the original density. 

The idea of continuous creation of matter need not contradfrt 
the law of conservation of matter and energy, since, in the first 
place, for the rate of creation to balu ^ce the rate of expansion it is 
enough that one hydrogen atom is created per litre every million 
years, which is bej^ond detection by any laboratory experiment, 
secondly, it is also possible to give a mathematical formulation of 
continuous creation within the framework of general relativity ; in 
this formulation matter is created out of a field, so that when the 
energy of the field is included in the law of conservation of matter 
and energy there is no contradiction. 

Although it is difficult to test the theory proposed by terres¬ 
trial experiments on account of the weak nature of the forces of 
gravity on earth, the theory is able to explain all phenomena observ¬ 
able so far ; it also receives some confirmatory evidence from the 
existence of super-stars, known as, ‘quasars”. One of the important 
practical tests consists in counting the radio sources in the universe. 
Radio sources are galaxies which emit very strong radio waves. Not 
all galaxies are fadio sources ; only one in a million has .this proper¬ 
ty. This.makes the task of counting radio sources much simpler than 
that of counting galaxies in general, which is of the order of ten 
thousand million. Now as we look farther into space we also look 
farther into the past, since light or radio waves take time to reaon 
us. Thus when we observe a galaxy a thousand million light years 
away, we see it as it was a thousand million years ago. Counting 
of radio sources out to great distances will therefore yield informa¬ 
tion about the past history of the universe. If we find that the 
universe in the past was no different from which it is today, this 
agrees with the prediction of the ‘steady state' theory. 

In the initial survey undertaken by the Cambridge astrono¬ 
mers it appeared that the number density of radio sources in the 
past was higher than what it is today, which evidently goes against 
the steady state theory. Cautiou is needed, however, in an argu¬ 
ment of this nature. As radio sources are rare obje fcs, one must 
be fairly certain that a fairly large volume of space has been 
examined. Further it is also necessary to know tbeir distances. 
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and it is here that radio astronomy is worse off than optical astro¬ 
nomy. In the latter a measurement of the red-shift yields reliable 
measure of the distance. No way has yet been found of measuring 
the red-shift of radio source. Its distance can only be estimated 
from its apparent power. The farther it is, the lees powerful 
will it appear. This method is therefore likely to cause con¬ 
fusion between a nearby weak source and a distant strong 
source. Hence, of late, work is being done on optically identifying 
some of the radio sources and thus using the red-shift to measure 
the distance. It appears from this recent work that the distances 
obtained in the initial researches were over-estimated. We must, 
therefore, wait tor some more data before drawing any 

conclusion. 

It may be years before full details of tbe interesting theory 
of Hoyle and Narlikar and its implications are worked out, tested 
and aocepted by scientists. The data so far obtained from radio 
astronomy are not conclusive. The new equations are better than 

since no terms are introduced arbitrarily in their de,riva- 
tions and also since the difficulty of time-direction is minimised. 
They have still to tackle a unified field theory based on their equa¬ 
tions i the unification of gravity with other force-fields of Physics, 
particularly eleotromagnetism and nuclear force. 

Reviewing the theory with standards acceptable to all, it seems 
that the conception of the cosmos as infinite in age cannot be^ 
taken in the strict sense, since the steady state theory itself 
demands continuous creation of matter, which in turn implies the 
non-existence of any particular matter before its creation and hence 
a starting point in time and a singular origin for it. What can be 

.as true is that time like space is limitless akin to mathe- 

__ infinity ; this endows equal partnership to space and time 

even in the case of the universe as a whole. ^ The peculiarity about 
time that differentiates it from space is its direction, t.e., time flows 
from the past to the future. This is not caused by the*^ laws of 
Physics, since all known physical laws are time-symmetric, in the 
sense that they by themselves cannot distinguish between the past 
and the future. The ‘arrow of time* which is inexplicable in 
Einstein's theory, is caused by the expanding universe itself as an 
irreversible phenomenon. 

Concerning the inertia of material bodies, space and time are 
concepts entirely dependent on the existence of material bodies. 
Hence in the study-of physical laws governing the behaviour of 
material bodies, the ‘space-time* continuum* idea can be convenient¬ 
ly treated as inertia of space in the derivation of mathematical 
relations that adequately represent the consistent behaviour of 
material bodies. It appears therefore that it is wrong to argue that 
gravity would still persist even if there were no gravitating mattefr 
any where. Einstein certainly did not say such a thing. He simply 
replaced -gravitating matter by a curved, locally-distorted space- 
time continuum in order to arrive at the law governing such matter* 
In anv case, it must be borne in mind that if there were no material 
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bodies ; the question of gravitation would not arise and hence it 
would be useless to tackle it 

The weight of a material body is a relative term depending 
on the existence of other material bodies and their distances apart. 

ust as a material body becomes weightless, as experienced by 
space navigators, so also it can increase in weight, dependent on 
t e arrangement of other material bodies. Hence, it is legitimate 
to relate gravitation to all material bodies in the universe, without 
r( l s j^ c *'* n £ ^ to the solar system alone. In this respect the theory 
°* anf t Narlikar is an advance over the theory of Einstein. 

It is interesting to note that Prof. Hoyle, quite recently 
(October 1905), has admitted that his '‘steady state* 1 theory, accord- 
ing to which matter is supposed to be continually created oitt 
of energy and continually destroyed at a constant rate thus 
maintaining a balance in the expanding universe, ic not fully 
tenable in the light of recent observations. He now believes 
that the universe has probably been in a state of constant flux, 
expanding outward for billions of years, contracting inwards into 
a dense ball of matter, and expanding again. This is more in 
accordance with the more wid ly held “big-bang*’ theory, accord - 
ing to which the universe began with a big explosion. Prof. Hoyle, 
however, thinks that the effects which have led astronomers to 
believe that the universe is flying apart, with all the galaxies mov¬ 
ing away from one another may be only a local effect. Only parts 
of the universe, including our own galaxy, may be expanding while 
others are not. While greatly commending this partial change¬ 
over of Prof. Hoyle from his pet theory which he steadfastly propa¬ 
gated for the past 20 years, one may reflect that even scientists, 
like other ordinary mortals livo and learn. 
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Electron microscope t 3, 213-22 
Electron theory , 54, 102-3, 523-8 

_ , of electrical conductivity, 
54-57, 528-33 

_ f of photoelectric effect, 


538-9 . . o 

_ t of thermal conductivity, - t 

— , of ^thermoelectric i ty, fi 33 

_ , of thermionic emission, llv- 


533-8 

ron volt (unit), 401, 5ol 
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Electronic cloud , 729 
f Electronic comjmtors , 050 
Electronic structure , of the atom, 566 
^ 636-45 

| — » in molecules, 748 

| Elliptical orbits, 615-7 
f Emitron camera, 206 
| Fmid,yfon stack, (cosmic rays), 1221 
Energy, electromagnetic, 402 

— , kinetic, 401 

— , potential, 400-1 

— , radiant. 401 

Energy distribution curve , ForinUDirac, 
527 

I — » Maxwell, 526 

Energy level diagram, of B 10 , 938 

— , of Ha line, 621 ^ 662 

— f of isomeric nuclei, 982 

— , of sodium O-lines, 660 

| , of Th C" nucleus, 848 

— , of X-rays, 605, 664 
Enriched reactor (pile), 1008 
Epstein's formula, 698 

Equatorial forbidden zone , (cosmic 
I . rays), 1038 
Equivalence principle of relativity 386, 

| . 403-4 

; Ergon, 858 
Etalon, ] 163, 1169 
^ |Ether drag, 377, 382 
V; — , futility of, 396-6 
( — - luminiferous, 416, 1239 

Exchange, or.orgy, 753 

— , reactions, 944-6 

j i P e of nuclear force, 1207 

1208, 1214, 1218, 1219, 1220’ 
1227, 1229 

j — , scattering, 1229 
J Excitation, of atoms, 583-90 
I — , by collision, 687-9 

1 — , critical potentials, 583-5 

[ 590-4 

— , by electronic bombardment, 
585-7 

— , by irradiation, 589-90 
Excitation potential, 584 
ExrdtrstmrjTriiicTpte (“Paulj) cf. Pauli’s 

exclusion principlo 
)Expansion cloud chamber, 909-11 

l F 

mf ■ 

“F hyper6no quantum number, 1166, 
1175 

Fabry-Perot interferometer, 671, 1173 
Faraday, cylinder, 446, 471, 851 

— , dark space, 21 

— , method of measuring suscep¬ 

tibility, 62 

Fermat's principle of least time, 465 
ermi-Difac statistics , 103, 442, 502, 
612, 516-7, 523-43, 813, 817, 


Fermi-Dirac statistics , 1158, 1159, 

1160, 1174, 1189, 1219 

— , applications, 523-44 

Fermi effect, 950 

Fermium, 257, 638, 976, 1002, 1004 
Ferromagnetism, 70-5, 88-97, 720, 741-5 
966-7 

Field, (classical), 1234 

— , (quantum), 1234-5 

Fine structure ; of a kali-like doublets, 
671-2 

— , constant, 619, 623. 1237 

— , diagram of X-rays, 664 

— , effect of electron spin on, 

664-72 

— , of helium (singly ionised), 

669-71 

— , of Ha-lino, 621, 661-2 

— , in optical spectra, 656-62 

— , ol sodium D line, 660, 1166 

— , of sodium, (other series), 

660-1 

— , o r spectral lines, 656-72, 1161, 

1162 

— , of X-rays, 600, 062-4 

Fish tracks (Compton electrons), 459-61 
Fission (nuclear), 960, 987-1001 
Flag type" in atomic spectra, 1170 
Fluorine, bombarded by deuterons, 938 

— , bombarded by protons, 943 
Fluorescence . 21, 282, 590, 601, 783 

— , sensitised, 588-9 

“ , Stokes’ law of, 30, 590 

— , yield, 6U9 
Fluorescent absorption . 613 
Fluorescent lamps, 30-2 
Fluted spectra , 764 
Forbiilden lines, 633, 706-9 

— , of alkalis, 708 

— , in atomic spectra, 706-9 

— , of nebular and auroral 

spectra, 709-12 
- Fort rat diagram . 776-9 
Francium, 257, 638, 976 
Franck-Condon, principle, 761 4 
Fulcher bands, 783 

Fundamental particles, classification of, 
1088 

— , characteristics of, 1232-4 

G 

*g' factor (Lands) 634-5, 667, 676, 679, 
680,685-6, 1172 
*g ’ formula, 685 

—• , special values of.685 
Gamma rays, 5, 329, 364-8, 401, 441, 
449, 454, 456, 823, 830, 831-3, 
833-41, 1058, 1060 

— , absorption of, 364 

— , discovery of, 329-30 

— , omission of, 831-3 

— , interaction with matter, 365-7 
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Gamma rays, internal conversion of, 
609, 610, 830-1, 834-7, 1062 

— pair production by, 366 

— , passage through matter, 364- 

7 

— , photoelectric effect, 365 

— , scattering of 356-6 

— , spectra, 367-8, 833-41 

1156 

— , wavelength of, 367-8 


1130 


Ciamow-Gondon-Gumey (G-C-G) wave 
mechanical theory of nuclear 
reaction, 944-5 
Gas tube , (X-ray), 259-60 
G.C.I. system of radar, 172 
Grr system of radar, 175 
Geiger, a-particle counter, 347 
Geiger law, 353, 3.34, 561 
Getger-Marsden measurement of nu¬ 
clear charge, 563-4 

Getger-Muller counter, S94, 895-900, 

969, 1027 

— , coincidence circuit, 1023-6 

— , conventional circuit. 897 

— » Xoher-Harper circuit, 898-9 

— , Wynn Williams circuit 899- 

900 

Geigcr-Xnf t all method of measuring the 
range of % -particles, 352-3 
Geiger-Xuttall relation , 354, 355, 829, 

1212 

Geissler tubes , 28 

General Theory of Relativity, 385, 
402-11 

— , experimental confirmation, 

409-11 

Glou\ cathode mu I anode, 21 

r * 

Gouy method of measuring magnetic 
susceptibilities, 63 
Grating , Howland, 571 
Gram ton, 1233, 1235 
Gravili y , 402-9 

— , Kinstein’s solution, 407-9 

— , Relativistic law of, 404-9 


Guided- teave linear accelerator, 885-6 
Gjfn/tnagnetic effect, 723-4 


H 


* * 


**h" Tlanck's constant , 435, 438, 44.>, 
* 467, 482, 495, 500, 596, 622, 

623, 1157, 1166, 1187 
If ads fields* manganese-steel, 72 
HawUton-lleitler-Peng theory of meson 
formation, 1092-3, 1106 
IlarkiiTs rule, 1194, 1 19.) 

' // artree > s <; self consistent 

method, 738 

Heed of dissociation, 759-61 
j Heavy (inanta, 1092 
Heavy water, 252, 932, 1001, 1007 
Heisenberg's, commutation law, 482 

, theory of forromagnetism, 74, 

97, 741-5 


field 


Heisenberg's, uncertainty princ- 

464, 494-8, 1234 p* f t 

Heisenberg-MajorAna theory of nude 0 * 
forces, 1205-18 

Helium , diagram of helium lines, 670 
, .electron configuration. 643 

— , fine structure of 669-71 

— , ortho and para,753-6 

— . spark spectrum of, 581 

, spectrum of singly ionised* 
580-2 

— , wave mochanical model of 

735-6 


Hell bomb , 1017 
Heteropolar binding , 322, 748 
Heusler alloys , 72-3 

Hodoseope (cosmic ray counter system) 
1104,1113 • 

Hohenstrahlung , 1021 

Ho mo polar binding , 322, 748 1207 


Hydrogen atom , Bohr’s theory of 566- 
76 


, Sommerfeld’s theory of. 615-22 
, Wave mochanical theory of, 
733-5 


Hydrogen , bomb, 1012, 1015-6 

— , doublet constant, 619, 623, 

1237 

— , e/M of, 239 

— , electron configuration, 643 

— , energy-level diagram, 575 

— , H -line, fine structure, 621, 

a 

661-2 

— , heavy, 252, 5S2-3 

— , isotopes of, 252, 582-3 

— , mass of, 50 

— , ortho and para, 799, 1162, 

1164-5 

— Stark patt -in of 
702-5 

H a perchem teal classi fication, of de j 

* i I n | * f 

meats, 11.51 

// t/perjine, quantum number, JI 665 . 
1170,1172 ' 

A- V A 


H a -lino 


JI6S, 


* 




struct\iro in atomic • ’ - 

1154, 1 162-3,1175, 1176, | 

1186 1 18S, 1190 

, structure in nioJc<*ulai 1 '^ 

tional spectra, 1183-6 
, due to quadrupolo »ntt « 

tion, 1184-5 

t duo to magnetic internet ion, 

1185-6 

ramacnotic resonunco 
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yperons, 10H.., 122- 
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Langevin function, 82 

hangevin's ttieory of diamagnetism 
75-80 * 

Langevin s theory, of paramagnetism 
80-86, 719, 720 
Langmuir's , curves, 109 

3 three-halves power Jaw, 110 
Laporte rule , 707-8 

Larmor, frequency, 674 1177, 1179 

— , precession, 76, 674, 1177 

— , theorem, 666 

Latitude effect of cosmic rays, 1034-9 
Lattice , energy, 750 

— , planes (crystals), 307 

— , unit (crystals), 307 
Laue spots , 268, 269, 271, 309-16 

— » for neutrons, 965 

Law of multiple proportions , 548-9 
Linde mann electrometer , 1023 
Linear amplifier y 891-2, 995. 997 

* r 7 


, resonance accelerator, 874-5, 
885 


Lines , anti-Stokes, 794, 8u4-f> 

— , fluorescent, 794-5 

— , Raman, 794-808 

— , spectral, 570 


— > Stokes, 794, 804-6 

Liquid drop , model of the nucleus, 923, 
990, 1119, 1137, 1204, 1205, 

1207 

Lissajous' figures, 196 
Lithium, bombarded by deuterons, 
933-4 

— , bombarded by protons, 930-2 

— , diagram of Paschen Back 

effect, 689 

— , doublet characteristic, 671-2 

— , electron configuration of, 643 

— , isotopes of, 233, 242, 248, 250. 

— , Paschen-Back effect of, 688-9 
Longitude effect of cosmic rays, 1035, 

1040 

Loran" system of radar, 175, 176 
Lorentz Fitzgerald contraction, 382-4 
Lorentz-transformation equations, 390 
392 

Lorentz unit, 681, 683 
Lummer-Ghercke plate , 98, 571, 1163 
Lyman series , 574-5, 590, 604, 606 


M ag netic focusing # 216-8 
Magnetic lens, 218 
Magnetic moment , atomic 626 
686, 1161 

— , of deuterium, 1165. 1175 

1191 J 

— , of meson, 1220 

— , molecular, 83, 1185 

— , molecular rotational 

1182 

— , of neutrons, 962 119J 

1220 

, nuclear, cf. nuclear ma; 
moment 

— , orbital, 634-5 

~ , of proton, 1165, 1175, 

1191, 1218, 1220 
of spinning electron, 636 


V-1 


m 


Magnetic properties of materials, 61 
736-45 



M 


M -series , of X-ray spectra, 600 
Macroscopic , state, 3 

I — , process of the origin cosmic 
/ _ rays, 1124, 1125-6 

fht rk^''zy0<‘*!bers, 1194, 1202-5 
Hartrces <J sc, electron configuration, 644 
tnethoc Ejection of atomic and mole- 
0 f dissociate beams, 712-23, 1065, 


188 1190 

Heavy natter, 252,ctor t 133 
Heisenberg'#, com de radiation , 7a i -8 

_ theory of if 
' 97, 741-5 


— , by using neutrons, 966*7 
Magnetic quantum number , orbital, 

— , spin, 629 

— , total angular, 629, 1177 
Magnetic resonance method, 1165, 11 

1176-82, 1186, 1190 
Magnetic spectrograph , 446, 447, 83 

834-5, 844,851, 887, 889, 100!" fl 
1200 '•■'l 

Magnetic susceptibility , 61-5 
Magnetism , atomic nature of, 719-23 

— , (diamagnetism), 61, 66, 75-1 

719,736-8 l 

— , (ferromagnetism), 70, SS-y” 

720, 741-5, 966-7 

— , (paramagnetism), 61, 65, 68-7 

80-8, 176, 719, 721-3, 738 * 

967 

Magneton , the, 720-3 

— , Bohr, 635, 636, 717, 718, 719. 

720, 721, 1167, 1191 

— , nuclear, 1166, 1175, 1181, 118- 

1185,1191, 1192 

— , Weiss, 95, 96, 719 
Magnetostriction , 73 

— , thermal effects, 74 

Magnetron , resonance cavity, 106- 
Maser , 185-6 n » n j 

Mass-defect, 240, 247, 400, A "j™- J 

1152, 1153, 1195, US 6 - J197 »j 
1198, 1207, 1218 ,, Q fi - 

_ , carves, 1194, H» 3 . 1196 > 

1198, 1201 247 398-402, 404, 

Muss-energy rHatug, ^ 10eBf m3 , 

120U verification." 

—— , experimental 

nr 247 331,1130, 113 

U41, 1142, f- \\ll’ “• 

1160, 1188, n 89 » lAJU> 
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